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PREFACE 



Have you ever asked yourself wluil keeps (he moon in the sky? 
Thousands of years ago men asked themselves ihis question. 
Why, they wondered, didn't the moon fall to earth like other 
objects? They thought about it, but they could not reach a 
completely satisfactory explanation. Early in the seventeenth 
century, Johannes Kepler concisely described the motions of the 
moon and the planets. Yet Kepler's three laws of planetary 
motion did not explain why: they merely told bow orbiting 
bodies behaved. 

Then, towards the end of the seventeenth century, Isaac Newton 
published his famous Principia, one of the most significant con- 
tributions to science ever made. Newton is perhaps the greatest 
mathematician and scientist the world has known. In a burst of 
creative activity when he was 24 and 25 years old, he worked 
out his laws fur motion and gravitation. These laws, with great 
simplicity, explained the motion of all objects and the force of 
gravitation that operates between all objects. 

Newton's laws not only explained the moon's motion around the 
earth and the planets' motions around the sun; they also ex- 
plained the motion of all objects, no matter where they were in 
the universe. His laws apply to celestial motions that have been 
going on for billions of years, and they apply to the latest space- 
craft orbiting the earth or heading for some distant planet. 

In Gravitation, you will follow the steps of Newton as you build 
an understanding of motion and gravitation. You will start with 
basic ideas of speed, acceleration, force, and mass. You will 
undertake activities that will lead to a concept of motion and 
gravitation that covers objects on the earth as well as far-off 
galaxies speeding through the universe. 

Gravitation is the third in a series of six books that make up The 
University of Illinois Astronomy Program. The program 
has been developed by professional astronomers and science 
educators to stimulate your interest in some of the basic con- 
cepts of astronomy. Your knowledge of these concepts will lead 
you to a greater awareness of the universe in which you live — a 
universe that is more understandable because of Isaac Newton. 



ERIC 



PROJECT STAFF 



The UnivtM'sily of Illinois Astronomy Proi^rani is \ \\c product of 
eight years of research and development hy the Elementary- 
School Science Project, a course content improvement project 
supported by the National Science Fountlation. The i)royrani 
grew within a logical framework that incorporated writing con- 
ferences, classroom trials, evaluation reviews, and rewriting 
sessions. The staff of professional astronomers and science 
education specialists was under the direction of J. Myron Atkin, 
professor of science education, and Stanley P. Wyatt, Jr., pro- 
fessor of astronomy, both of the University of Illinois. 

SCIENCE STAFF Henry Albers, Department of Astronomy, 
Vassar College; Karlis Kaufmanis, Department of Astronomy, 
University of Minnesota; Benjamin F. Peery, Department of 
Astronomy, Indiana University; Stanley P. Wyatt, Jr., Depart- 
ment of Astronomy, University of Illinois. 

SCIENCE EDUCATION SPECIALISTS J. Myron Atkin, University 
of Illinois; Roy A. Gallant, The Natural History Press, New York, 
New York; Alvin Hertzberg, elementary schools. Great Neck, 
New York; Bernard E. Nurry, Rose Tree Media schools. Media, 
Pennsylvania; Peter B. Shoresman, University of Illinois; Fred 
R. Wilkin, Jr., formerly science consultant, elementary schools, 
Winnetka, Illinois. 

CONTRIBUTORS Owen Chamberlain, University of California; 
David Hawkins, University of Colorado; Robert Karplus, Uni- 
versity of California; Leo Klopfer, University of Chicago; Joseph 
Mucci, Vassar College: Gibson Reaves, University of Southern 
California. 



CONTENTS 



CHAPTER 1 Motion and Common Scii.hc 7 

CHAPTER 2 Straight and Steady || 

CHAPTER 3 Curved Motion 17 

CHAPTER 4 Korees and Speeds 21 

CHAPTER 5 Gravity Around the World 34 

CHAPTER 6 Bumps, Curves, and the Moon 43 

CHAPTER 7 Newton and Gravitation 56 

CHAPTER 8 Orbits Near the Earth 73 

CHAPTER 9 To the Planets 87 

CHAPTER 10 Out Amonj; the Stars and Galaxies 99 



ERIC 



6 





mc\ 



CHAPTER 1 

Motion and Comnioii Sense 



The ejirlli spins, The ninnii is in urhiL TIh» sum slivaks InwanI llie slar 
Ve^a al 12 nii/see, In ihe winh^r sky llie ennstellalinn Orinn rises in llie 
easi an<l Iravels llnon^li llie niglil InwanI the wesl. The Hi«r Dipper 
eirehvs s\o\\\\ arnnnd ihe Nnilh Slar every (hiy, As ihe ninnlhs ^^n hy, 
Ihe sini seems In »r|i(h. raslwanl lhr(m«rh ihe ennslelhilinns. The nni- 
\<Mse is in •M)nstanl ninlinn: nnlhin^? stands slilL 




hor a Uu\ir time aslrononuM's havt^ heen al)h' to eharl the nniverse. T\\v\ 
hav(» determine^l the (hstanee |o ihe moon within a lew miles and thev 
have predicted centuries in advaiu^e the dates when the moon will 
t*clipse the son. 

Long a«i;(), astronomers discovered some rnles to (h^scrilx* how ihe 
memhers of the solai* system are iiiovin<r. Every plants travels alon^^ an 
ellipse, with om^ foens of the ellipse at the* son. WIkmi a planc^t is 
closer to the siuu it travels more* cpiiekly than wIumi it is farther away. 

But ont^ pnzzh^ ling(M(Ml longer than many of the others. Motion lak(»s 
|)lace — endlessly. Why? What nuikes an object move? What makes tlu* 
moon orhit steadily aronnd the earth and the planets aronnd the sun? 
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iMirh olTuM'U suinc ^liiiK lias iis own nnhiral phn'r in Ihr univtMhr, This 

ilcirrnunrH ihc obircTs innlinn. Accnrdinf; lo lliis view, ihcrc is 
sharp (hllVrrnrr hrlwrrn niolinn nii <sirlh and ninlinn in lh(* hiMiN'nns, 
Nniu' ihr (Mnih, h^hl jiiry nhjnMs hnlnnf; np, Mnjuy ones hrlonf^ ilown, 
Mnlion nrcm's whiMi yon do sonindiinn. \ i(drnl — when son I'oivc soni<'' 
thin^ out of its niilnrnl phuM*. W'Uou yon throw a rook, son am n lohMtlly 
pushing it through th(* air, Only \\\v doNNnNMU'd drop is natural, Tin* 
liori/ontid motion ros\dts from a ioron, 

Motion in the hoa\rn,s, howcNor, wa^ ospliunod in a dilforfnt was, Most 
p(M)ph> thout;ht that thr sun. tho moon, the sUu's, imd th(* planrts moved 
aloo*; naturally in tlio onl> porfnot way — in circles, Tlu»sc ohjccts did 
not need to \)r pushed alon<;. Th(*y re(|nired im l'orc(* to keep them ^oin^, 

Hy diis iciisoniu';, you could say diat a falling sUme reijuires no (oree. 
Nor does a risin<; halloon nor an orhitin*; )>lan(*t. \h)tion is riatural if an 
ohjecl is returniri'; to where it helon^s, Ivvplanalions arc needed oidy 
when ohjccts do not move in a natural \va> — when hca\y ohjccts start 
nu)\ in^ upward, oi" li»;ht ones downward, oi- wluMi heavenly hodics sloj) 
movini; in cindes. ()id\ then nmsl wc look lor lorccs that cause the 
motion. if^Z^ 




II \(>u helievc diat each ohjt^'t moves toward som(» natural location in 
th(* universe, that each ohjcct has its own plac(\ then your astronom\ 
consists of Inidiiit; the natural spot lor each planet, loi each star, I'oi' any 
astronomical hod/ that interests yon. Acconliiiji to this idea, an ol)j( ct's 
motion depends on the ohjcct. Stai's doiTl move the way rocks do. The 
Sim moves diUcreiilly IVorii smoke. 

This idea ol motion sccmiis like common scns(\ When you place a hook 
on the lloor and |)nsh ii. the he - oves h)r a while. Then it slops — 
natiually. H yon want tlu' hook (o keep movjn<^, yoti kc(*p pnshiiit; it. In 
Fact, when you see any earthly ohject in motion, it seems that some h)rce 
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liiiH Ihmm) ('NpiUmI on lh<» oIiJimM. If ihriv in nol Wmvy \\\r\v hO(Miih lo hr 
nn Miullon, H' yuu ihmImI your hicyrhs Wwsvlv lollh, IT \m Hlnp 

DorH ihc HiniH* iPiiHoninp; npply lo ii hull yon llirow or on imtow yon 
rthooi? True, il l'orr(» slinih (wirli ono niininf^. ^'on r\rv\ yoin' innhclos 
In n hnlL Thr lif^hi siring on n how sUnIs urrow IIn Ihrnni^h 
iho nir, posh krops rnrli of llioso ohjoolrt niovin^^ loi' sr\rnil 

s<MM)n<ls. If yon holiovr Ihol ohjrris muvo only n violoni I'orro \^ o\- 
(Mird on lloMii, son nmsl hojirrh lor ji lorcr lliiil luriis ihr ohjccK mion iofj,. 

Aristoilc, i\ (Jrook scionlisi who livoil mom thnn Iwo ihonsiUHl soars nf^o, 
hnd on (vxplnnation. I lo lhoii|j;ht that as ini arrow llj(<s. thr air IVomi tho ti|> 
of the lOTow swishrs to tho tail. Aoconlinfi; to his idoa, wimt krojis tho 
arrow in (lifi;hty 

Today wo can t(»sl Aristotle's idea hy prrl'orniin^ ("\perirnonts. \Vo ciui 
throw a hail or shoot an arrow when there is no air. Aeeordin^,' to 
Aristotle, would arrow lly in a vaeinnaV We ean also test Aristotl(»\s 
idea hy simply asking a cpu'stion. IT Aristotle was vi\i,\n, why does an 
arrow llyin«i through the air lose speed and fall to the ground? This 




(incstion eonldn't he answered easily. More than a thousand vcars 
passed hofore a lew s(*ioritists he»j;an to douht sorti(» of A ristotle's ideas 
and to search for hett(*r ways lo explain the (*auses of motion. 

The study ol motion presented pu/'/les to eurion.s seierrtists (or centuries. 
Korees are needed to triove a roek up, [)ut not to mov(» a rock down. After 
all, yoir don't have to push a roek to make it ^o down. It ^oes down 
naturally. Doe.sn't .smdi an idea seem like common sense? Some 
seienti.st.s wondered. 

Onee an ohjeet .starts movin»j;, a steady force is needed to keep it ^oia^. 
A hook doesn't .slide alon«j; the (loor forever. Soon it will come to a .stop. 
Such an idea seems like common sense. Hut some seieatisis wondered. 
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ill No Unvv is nnrMltMl, Tim luooi) \m\ \\\\\m\\\y wmi^^ lluil wny. Hiu^lnm 
U\m mnnm Wki^ vmmuw mmt liul m\w \s\m\v\v\l 

UUn\^ nhoul inolion ulMngml ovt^r \\w (MMUurUm Iumuui^^o mMtntlirtl?^ woii^ 
(ImmL In Ihi^ Itttok yon will (iiid oiil how nixl why \hAM^ nhoul niolion 
(OunifJitMl. Yon will Uhww why ohjtMJfH movo in orhil Ihron^h ^\mmh And 
yon will Imw iihoni m\m t)f tho nion who mlvnniHMl ouiMnulor^lnndin^^ 
of wl^y {\w univtM'Ho n^ovoH il iIooh, 
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OHAPTER 



tlommnn hrHh^ \nii lh;)| NMii hihtt |t» iMi^li «m ulijtTt in krr|i il 

iMM\ iiiB or himiiif'. Ilm mo\\ ihink nl ,ui rnihri in ihr rlwitk ^ imi 
M ii lilllr |Mhli il hlitlrM a hlnMl tlowu (i n It wnr In put 
IIm' iMiiMrr ill il liltir iihil HINT i| ||)i< ...iMir {(tunuu) nl U wniilil |in 

liilllHM', II >nn nilnl ihn w Imm^I., nl lhr r,ii l i\\u\ vlvmu^il \\\v r\u\\\s <|iiM 
(UVUN, llin nuHor WnnM vwu Ijiillirt, ^nii lhn jrrliii^^ ||),i| \\ \Uv 
lni> wrin lnU|^ rMn)if>l) iuxl stiinnlli Piimi^Mju vm\ wnuM ,un 

<i vn'N Inn^ was iihirr ? 




ACROSS THE FLOOR 

[^P Try piishintr an (Mnply slmr hox acn)ss llic llnor. Think * I ilic (nircs 
ni'lin^ on tlu^ slux* hox during ils hiick jnnincN. To hr^iii uilli, i( 
innvcs at wo at all. It lakes a shove to «;et it slarled. Hot at 

the instant your hand and the hox part, the ho.\ nioNe. across the 
lloor at a eertain speed, perhaps 14 I'eet per second. Von ('lian«ie 
its motion I'rotn 0 It/see to I I It/see. The lon^e o( yonr push speeds 
up tin* l)ox. 




As soon as the l)ox is iriovinti;, a (lifleienl (orce [)uslies on it, A fricliorial 
force exerttMl l)y tlie floor acts to slow down llie box. After a short flis- 
lanee it conies to rest. The hox is slowed hy llie force of friction from a 
s[)ee(l of I I ft/sec to no s[)ee(l at all. And die instant it conies to rest, tlie 
frictional force (lisa[)[)ears. 

W e live ill a world of friction. Friction is a force tluU resists motion. 
If the l)ox is slidiiif^ eastward, llic floor exerts a wt»st\var(l-[)ushi ng force 
on the hox. The hictional force acts in the dn-eclion ()[)[)osite the direc- 
tion an ohject is moving. 




BIG STUFF, LITTLE STUFF 

Vou have ol)served diat a slidinti shoe hox is socmi sIowcmI down hy 
frictional forces. And you know tha:' friction acts o[)[)()site to the 
direction of motion. Would the amount ol matter in an ohject make a 
dilTcrcnce in the way it inijrhl niovey Von can find out more alioul 
movinj^ ol)jects without inter(erenc^• h'oni (rictional lorces. 
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Sus[)end a [)a[)er ciif) (ni a slrinti. Place an em[)ty shoe l)ox in th<* 
[>ath of the cli[). Lift the ch[) to a certain heitiht and let it swinjj; 
into the hox. Watch the swin«j;inti; cli[). What ha[)[)ens to it when it 
coMides? I^ick a small lum[) ol Clay around the cli[). Lilt it to the 
same hei<j;ht as hefore and let it attain. What ha[)[)ens to the 
swin»j;in*i; ohject this time? A(hl still more clay and ()l)serve wlial 
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happens. Try this activity using a ping-pong hall, and then a lump 
ol clay the same size. What hii[)pens to the moving ohjeet each 
lime? Would it he eorrecl to say that higger ohjeels resist change 
in motion more than smaller ones? 

Think about two wagons. One is empty, hut the otIuM' one is loaded. 
Kaeh is rolling down a hill at {\\r sanu' s|)e('(L W hich one is (Msier 
to sloj)? 




Kind two shoe hoxes the sanu* si/.(\ Place some rocks in one box, 
hut leave the other one empty. Tie each box with string and bang 
it Irom a yardstick as shown below. Attach a thin rubber band to 
each box to use as a rough m(^asure of force. With tluMuhber band, 
|)ull the empty box. How uuich does the rubber band stretch? How 
much force is ex(M*te(l on the box? Now do the sanm with the other 
box. Notice the stretch of the rubber band this lime. How umcb 
lorce is needed to ruj>ve this box? 
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On tlu» floor an* two closed shoe hoxes. Oru* is (*nipty; (he other 
contains a hrick. Kick the first box. Then kick the s<»con(l hox with 
the same strenj^th. What hii|)|)ens? 

Yon have two ohjects that look alike and are the same size. Hnt some- 
how the\ are dillei'enL One moves readily when a lorce is exerted on it: 
the other offers more resistance. \\ hy is there a difference in the way 
each one mo\('s? Perha|)s yon will sa\ that one hox is li<j:ht and one is 
h<*av\ ; or that theic is more slidf in one hox: or there is more matter 
in one. 

Think of all the matter in an ohject as nuiss. Mass is a basic |)ro|)(Mly 
ol an\ object. W'berevei' the objcM't is placed — her(^ on (^arth or lar out in 
space — its mass stays th(» same. Mass is constant so h)n<i; as no |)art of 
the object is HMnoved or otluM* matter added to it. 

A star has a fircat deal of mass, a loccjmotivc less, a t(Mmis ball still less, 
and a speck of dnst evcMi less. 'I'he <j;reater the mass t)f a stationary ob- 
j<*ct, tb(» more it tends to stay exactly where it is. The <i;reater the mass 
of a movinji; object, the more it t(Mids to keep ji;oin*i; just as it is, movinji: 
in the same direction at the same speed. Yon can think of the mass of an 
obj<*cl as its tendcnc) to resist chan<j;es in motion. 



Set n|) a smooth ratnp. Holl a small cart or trn<'k down the ramp 
and watch it jnovc alter it l(*av(^s the ramj). Hecanse it has some 
mass, it t(Mids to move straifj;ht across the floor at constant s|)e<nl. 




Friction doesn't slow it down ver\ nnich. Now |)Ut a small obstacle, 
sm*h as a wood stick, an the lloor a few feet Irom the ramp. Holl 
the truck from the ram|) a^ain. Describe the motion of the truck 
before and after it collides with the obstacle. What did the slick do 
to the IrnckV Put some wci»j:ht into the truck and try aj^ain. W'hat 
did the stick do to the truck this time? 
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It was Galileo's (gul-eli-LAY^ohz) astonishing idea, hack in the I600's, 
that an ohject tends to remain at rest or to keep moving straight at con- 
stant s|)ee(l unless a force of some kind coni[)e]s it to move otherwise. 
The stick of wood exerted a hriefloree on the truck while the two wer(» in 
contact, changing the motion of the rolling truck. If tlu^ stick had not 
hecMi th(M-(% th(^ truck would have kr\)[ going. 

You hav(^ s(HMi that il an ohjcM-t is at ivst, it tcMids to rcMiiain at rest. If 
another ohjc^ct is mio\ ing, it tcMids to continue^ inoN iug in the same direc- 
tion at a steady speed. This tendency to nio\e with an unchanging 
motion depends on tlu* mass of the ohject. Only if a for( e acts on an 
ohject will its nioti(m change. And the more massive a hody, the harder 
it is to cha^fige its motion. 

A WORLD WITHOUT FRICTION 

Imagine that there* is no such thing as friction. Push a hook across thc^ 
Hoor. it ket^ps on going. TIkmv is no forcc^ to shjw it down, .so it kee|)s 
going until it humps into tlu^ wall across the room. The wall exerts a 
hri(»( force and changes llu^ hook's motion so that it hounces hack across 
th(^ room again. Rack and forth it goes — fort^vcM*. 

Tear down all the walls and exttMid the (loor for a mile ov more. What 
does the hook do? Without friction the hook siinph ke(^|)s going along at 
a fixed speed in a straight line. 




Finally, inuigine that the hook is far out among tlu^ stars, far from any 
other ohject. There is scarcely any friction in spac(^ After your push, no 
other forces are acting on the hook, yet it continuc^s to mo\(\ Can you 
descrihe its motion? 
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Without friction in s|)ac(% how would you t^xpect an isohited star to 
move? Practically no forces arc t^xcrted on such a star. So it keeps doing 
just what it was doing yesterday and the day heforc*— moving at con- 
stant specul along a straight path. 




Kernernher some of Aiistoth^'s ideas ahout motion. For almost two 
thousand years his ideas seemed like coniinon sense. Why wcrt* we 
misled for so many years? Why did people continue to believe that you 
had to kcv\) pushing an ol)j(»ct to kt^ep it moving in any other way than 
its "natiu'al" way? Nobody took into accomil the effect of Irit^tion. Fric- 
tion was the culprit — friction, tho force that operates all around us here 
on earth, slowing down whatever is in motion. 

Let's now tmri outward to the ntii verse of celestial hodi(»s. Are things 
really entir(dy diffcnMU out there than they are here on earth? Do objects 
nalinally hehav(» in an (^itirtdy diflerent way out among the* stars? 
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CHAPTER 3 



Curved Motion 



In his day, Galileo could not turn to the stars to make accurate observa- 
tions of their motions. He had no way to find out whether his idccis 
about motion worked for stars as well as for rolling balls. But in more 
recent times, astonomers have been able to measure how a star moves. 




Galileo Galilei (1546^642) tried to answer the question 

of why motion occurred. His investigations 

laid the groundwork for Newton's laws of motion. 

And every isolated star that has been observed carefully for many years 
has been found to move through space in a straight line at constant 
speed — as it should if Galileo's ideas are correct. 

But what about other objects in space? Look at the moon; it is moving in 
a curved path around the earth every month. Jupiter's satellites are 
orbiting around their parent planet. Mars goes around the sun every 687 
days. Man-made satellites close to the earth complete an orbit about 
every 90 minutes. 
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Tif one end of a ^-fool piece of siring around an eraser. Make sure 
llial the knot is good and liglil, and llial no one is in llie way. Mold 
llie otiier end of tlie string in your Innul and start tlie eraser moving 
around your liead at a steady speed, Wliat kiiul of path does tlie 
eraser take? (Ian you explain why the eraser moves in this path? 




Look at the diagram helow. The arrow telLs something ahout the 
forward motion of the eraser. The string is exerting a force on the 
eraser. A small arrow shows the direction of this force. In what way 
does this force affect the eraser? 
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Look al the <liLi^j;i-iini bolovv showing tlie Hi^lit pulli ti hall. The hall i?* 
sliovvii ill two po.siUou.s. In eiit-li posit icjii an arrow repre.Henls the- Jorvvard 
motion of tlit* J>iill. Think of the arrows as showing th<' spet-<l ol" thi? ball 
and thf tl irc-c'l ic ui it wiis niovini*; at t«ii<-h inst£.nit. 



As il fU-vv tln-on«^li tht- air, lh<- hall <Ii<l tiot niciv t- Lihin^j; tlit- ciottecl «trai^hl 
linf iit a stt-iidv sp<:-e<L lnstc-a<L il nicjvc-tl in a <rnrve<:l }>atli. Its <:lirec-lion 
kopt c-haii^injj;. VVIiiil furt't- was acrtinjj; c»ii tlu- hall to c-liiiiij^t^ its motion? 
Not friction. At h»w speed, friolion vvitJi iht- air has very little effeel on 
the hall. 

VVhiit other foree c:cuilil he aettn^ on hall? ilmi you <lraw arrows lt> 

show the forire ac-tin^ on the hiiU? 



Tliere tn-e no striiij^«s iittii<^he<l to tjhjeels movinj^ in spaee. A nian-inade 
satellite is not tied tcj the ecnth like a \vhirlin<^ rook on ii striiijj^- No j^iant 
hiiwser pidls on the moon^ keepinjjc it in a curved i^atli. Yet the moon 
trcivel«s ill orhit arounci the earth. The earth orhits the? sun. Tliese ohjec^ts 
have j^reat mass. Why di> they Iriivel a <;nrvetl fiath? Shcnddn't they t<^Mid 
to eonlim_ie nio\'in<^ in a sli-<ii^ht lint* iit eonstcint sp<-edV 
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You know that wIumi a (nvrv. is applied, the motion of an ohjt^ct (changes. 
Some lorct' must he pulling on the hall you threw to curve it toward the 
«!;round. Force must he actint^ on the iiioon to keep it from inovinj]; in a 
strai»];ht line. Force must he afTectiiit!; the motion of the earth to keej) it 
in a curving]; track nronnd the sun. 

Kon*]; a»];o people would simply have said that it is natural lor a hall to 
Tall to the *j;r()un(l wIumi it is thrown. It was thou»];ht |)errectly natural (or 
the moon to move in orhit around the earth. But now we can think ol 
these motions as hein^ caused hy a force. You can't see this force, yet 
you know it is there, acting on the hall and on the moon as if they were 
tied to the earth. This force is gravitation. 

In what ways does the force of ^gravitation affect the motions of ohjectsV 
How docs ^gravitation cause the hall to follow a curved path hack to 
earthy Why docs the moon keep movin*:; in orhit century after century? 
Let's lind out more ahout how ohjects chan»];e their motions when forces 
are actin*:; on them. 



20 



21 



CHAPTER 4 



Forces and Speed 



Tu«5 a knotted rope \n one direetion and liave a |)artner |)ull just as liard 
in the opposite direetioii. Which way does the knot move? Can vou 
exphiin wliy? 

Wlien two h)n es are ecpial in streii^th hiit act in o|i|)osite (hreetions, 
the forces are balanced. Tlie resultiii«; force, tlie net f ore v, is zero. Tlie 
knot in tlie rope remains stationary. 




Can hahniced for(;es also act on a movintj; ohjecl? 

hna'.Mne you are ridin^.^ Mu a jeep on a strai^nht stretch of road. Not 
another car is in si^ht. The jeep is moving alonj^ at a constant speed of 
35 miles an hour. It is neither gaining nor k)sinj; speed. Picture the 
forces aetin«j; on the car. There is the force driving it forward, and also 
the backward force of friction. Think of these two forces heing e(|ual, 
hut acting in opposite directions. The forces are halaneed. The result, 
the net h)rcc oii the jeep, is /ero. So the jeep moves along at con- 
stant s|)ee(l. 
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Step on the gas pedal. What liappeiis? A net force acts on the jeej). It 
acts on you too, and you feel the push. Tlie forward force* is now greater 
than the hackward frictional forces, and the forces on tlie jcej) are no 



3D«0^ CflAW^^AS , PORWARO ^ORcE 




3S <V\PH 



longer halanced. A net force is pushing in the direction of the jeejj's 
motion, so you gain speed in the direction you are going. Soon you are 



traveling at 45 miles an hour. 




FORWARD FORCE 



NET FORCE 



35 N\PH + 




\a*[ up a little on the gas. and the jeep moves at a steady sjjced again. 
It rolls along at 4.5 miles an hour. Once again the forward force is 
halaiicing tlu* hackward fricttional force. The net force is zero. Speed 
is constant. 



1=0RWAKD fORC£ 



MET -FORCE 




Slop sign ahead! Slop on the hrake and the frictional forces hecome 
much greater. The forces are unhalanced cigain. In which direction is 
the net force acting? What hap|)ens to the jeep's motion? 
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FORCE AND MOTION 



You don't have to ride in a jeep to understand how force affects the 
motions of ohjects. You can work in the classroom. 

Stand ahout 8 feet from the wall of your classroom. Place an 
empty can on the floor. Then give it a push so it rolls toward the 
wall. Watch what happens to the can the instant it strikes the wall. 

Picture the forces at work in your experiment. When the can was 
motionless on the floor, there was no net force acting on it. The can 
stayed just where it was. But the instant you gave it a push a net force 
acted on it. Which way did the force cict? Which way did the can move? 
Did you have to keep pushing the can in order to maintain its motion? 




\ 



U you walched the can roll toward the wall, you probal)ly noticed that it 
moved at almost constant speed. As it rolled, there was practically no 
net force acting on the can. So it just kept moving along steadily in a 
straight line. What happened to the can when it struck the wall? In 
which direction was the net force applied? What happened to the motion 
of the can? 

In the world of moving things we occasionally see a quick push or pull. 
But most forces act on ohjects for a longer time. Let's see what happens 
to an object when a constant force continues ticting on it for a while. 

Make a rubber-band scale to measure force. Place a paper clip at 
the edge of a thick piece of cardboard. Slip two rubber bands 
through the clip. Each rubber band should nieasure about 3 inches 
in length. Use rubber bands that are of the same thickness. Tie a 
.5-f()ot |)iece of string to the I'uhbcr bands. 




' .S ' -S I 

1^ I ^ I 

Hold your scair so llit^ sln!i«i aiid nihher hands lum«i toward the 
floor. Make* a mark beside the l)o*.loni of the ruhher bands. Make 
two or three more iiiarks at 1-iiieb iiitervals below the first mark. 

Now tie the other end of the string to a small cart with a bric^k in it» 
Place the cart and its load on the floor at one end of a long hallway. 
Holding the rubber-band scale with both hands, take a position 
ahead of the (jart. Make sure that the string is not too loose. 

When you are reatly, pull die loaded cart with the rubber-band 
scale. Try to keep the force steady. Practice until you are satisfied 
you c'an do it well. Keep the erid of the rubber bands at mark 
No. I on the scale. In this way you will be pulling with a constant 
net force of mark No. 1. What happens to the speed of the cart? 
What must you do to keep pulling with a constant force? 
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ERIC 



Try lliis aclivily sc^veial liiii(\s. I low fasl is [\w carl moving w hen you 
(irsl slarl lo pull il? Nolicc* [\w spcc^d allcr you've hecMi pulling willi a 
ronstdnt (owe for oiu» sc^cond; for s(»V(M*al seconds. The arrows in 
sk(»leh reprt»s(»nl dislanees lra\(ded hy earl in ci]r\\ unil 
of linu», 

(Ian you set* lhal llu» earl is eonslanlly changing ils niolion? ll is heing 
aeceleraled. Whal is happening lo ils speed during each second? Can 
you imagine how fasl il would he Iraveling aller 10 seconds? 




MEASURING ACCELERATION 

In llu» lasl aclivily you ap[)lie(l a conslanl force* lo ihe loadcMl carl. You 
found lhal ihe carl (M)nlinue(l lo gain s[)ee(L lhal is, lo accelerate. So a 
conslanl force se(Mns lo make an ohjecl kee[) changing ils six^ed, k(n*p 
acceh^raling. l.efs ^vv if acrctdcralioii can he nieasured- 

Us(» the loaded carl and ihe scale again. Place a marker on ihe 
lloor heside fronl wheel. This will show ihe (;arl\s slarling 
poinl. Use iht* force scale lo pull llie carl jusl as you did hefore. Try 
your hesl lo k(*ep ihe rul)h(*r l)an(l al mark I on iIkv scale so ihe nel 
force on \\\v carl will he eons Unil. In I his acii\ ily k(M»p I rack of 
lime in seconds. 




It may he dilTicult tci kerp the force constant and make precise 
measurements of time. Practice hefore lryin«i this activity. When 
you are confident that ever\thin«i is ready, start the cart movint^ 
with a force of mark 1. Keep the force constant. 

At the end of second No. 1. have an ohsener put a mark cm the 
Hoor to show the position of the froni \vheel of the moving carl. 
Ihive other observers do Hie same al the (mkI of seconds No. 2, 
No. 3, and No. 4. They will have to work (|uicklv. 

Let's try to estimate the acceleration of the cart. Stretch a string from 
the "start" mark to the position of the cart at the end of second No, 1. 
See the illustration. Call this length one unit of distance. Now find out 
how many of these units the cart traveled from the end of second No. 1 
to the end of second No. 2. 




^ ^ ^--A 

Mow lar (l()(^s it move in the next second? The next? Make a record of 
your measurements. Don't he too concerned if the distances come out in 
fractions. Simply round off all measurements to the nearest whole 
number and enter in a table like the one at the top of page 27. 

To find the acceleration of the cart, arrange the data in your copy of 
the table. Enter the measurements from your activity in the middle 
column. At th(* end of second No. 1, how far has the cart traveled? One 
unit ol distance It moves one distance unit in one seccmd. So its speed 
was 1 miit/sec. Read this (juantity as ''one unit per second." How far 
did it move in the next second? What was the speed? Its speed was 3 
units/sec. The cart traveled two distance units farther in this second 
than in second No. 1. You can say the cart speeded up 2 units/sec 
during this seconci. When the can speeds up, it is accelerating. So its 
acceleration was 2 units/sec in a second. 

Remember that the constant force of mark 1 was acting on the cart. Look 
at your table on the following page. What do you notice about the speed 
ol the cart from one second to the next second? Complete the accelera- 
tion column. What do you notice about the acceleration of the cart at 
different times? 
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Time from 
Start 



Distance Traveled 

Each Second 
(average speed) 



Increase in Speed 
in One Second 
(acceleration) 



0 sec, 

1 sec. 

2 sec, 

3 sec, 

4 sec. 



1 unit/sec, 
3 units/sec, 
units/sec, 
units/sec. 



2 units/sec, 
each second 
I units/sec, 

I each second 

. units/sec, 
L each second 



You worked as carefully as possible to (iiid data on the carfs motion. 
But no matter how hard you tried, some errors prohably occurred. What 
are some reasons for errors in measurement? Why was il so difllcult to 
measure accurately? 

If precise measurements of time and distance could he made and the 
net force on the cart were constant, your table would look something 
like the one below. Notice that each second the cart travels a greater 
distance than the second before. So each second the average speed of 
the cart is increasing. 

What was the acceleration of the cart? With a constant net force of 
mark 1, the cart gains speed at the same rate every second. The accel- 
eration is constant — 2 units/sec each second. A corustant force seems 
to result in comtant acceleration. Did you find similar results? 



Time from 
Start 



Distance Traveled 

Each Second 
(average speed) 



Increase in Speed 
in One Second 
(acceleration) 



0 sec. 

1 sec, 

2 sec. 

3 sec. 

4 sec. 



1 unit/sec. 
3 units/sec. 
5 units/sec. 
7 units/sec. 



2 units/sec, 
each second 

2 units/sec. 
each second 

2 units/sec, 
each second 
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FORCES AND ACCELERATIONS 



You have oliserved tlu» carl as it was accelerated hy the cDiistaiit Force 
o( mark 1. What will happen to th(»cart if the load remains the same, hut 
the net foree on the cart is j^renter? Can you »j;uess something ahout the 
rate of acceleration? Test your hunch. 

j^P \V\)rk your experiment in exactly the same manner as hefore. This 
time, however, exert more force. Pull the eart with the ruhher hands 
stretched to mark 2. It may he diflicult, hut tiy to keej) the force 
constant all the time. 




Use the same distance miit as in the first experiment. Make measure- 
ments as you did hefore. For<^et ahout fractions and simply round off all 
distance measurements to the nearest whole numher. Then enter the 
data in a new tahle to find the acceleration of the carl when the force is 
mark 2. 



Compare your acceleration data with those from the fust ex|jerimenl. 
Make comparisons of your liitdin«^s for each second. How do th(» ac- 
eeleratl(ms compare? From the results of this experiment, can you make 
a statement that tells how force affects acceleration? 
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In this experimtMit, as in iht* one helon*, meusiiremeiU (»rr()rs freep in. If 
you luuJ been able to nuike precise nieasureiutMits of time and distance 
when the net lorce on the cart was doid)le(l, your tahle wouhl contain 
the thita shown heh)W. 



Time from 
Start 



0 sec. 

1 sec. 

2 sec. 

3 sec. 

4 sec. 



Distance Traveled 

Each Second 
(average speed) 



2 unit/sec. 

6 units/sec. 
10 units/sec. 
14 units/sec. 



Increase in Speed 
in One Second 
(acceleration) 



4 units/sec. 

each second 
4 units/sec, 

each second 
4 units/sec, 

each second 



Reniend)er the h)ad is the sanie hul the force was doul)led. What 
happened to the acceleration wlien the force was doul)led? Can you 
make a rule about force and acceleration? 

The lal)les can he used to find a (juick clue to the acceleration. Take a 
moment to compare the (bstaiice traveled in second No. 1 with the rate 
of acceleration. What do you notice? Now look back to the table at 
the bottom of page 27 and make the same kind of comparison. Can you 
find the relationship between the distance traveled in second No. 1 
and the rate of acceleration? 



ACCELERATION AND MASS 

Suppose you repeat the experiment. This time, however, keep the force 
at mark 1 but double the mass. How will the acceleration be affected? 
Make a good guess and then experiment to find out if your guess is 
reasonable. 

Place a second brick on top of the first and tie them both to the 
cart. Now the mass of the object is almost doubled. Accelerate this 
mass with the force of mark 1. Try to keep the force constant. Make 
distance measurements with the same unit you used in previous 
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activilics. A^aiii, rcmcmhcr that you will nut he ahle to make 
pircisc moasiinMiKMils. Yon will inorc'ly louiul off all distanci-s to 
the nearest whole miinhers. 



With the mass doubled, what do yoii notice about the speed of the cart? 
How imich distance does it move diniii*; each second? 

Make a new table and find the aeeeleration of the cart when the mass is 
(lonhled. Compare your data with the data from the activity just com- 
pleted. Make comparisons of your findings for each second. How do 
the accelerations compare? Can you make a statement that tells how 
acc(deration is aHcelcMl by mass? 

II precise measurements of time and distance were made when the mass 
of the cart was doubled, your table shoiild contain data shown below. 



Time from 
Start 



0 sec. 

1 sec. 

2 sec. 

3 sec. 

4 sec. 



Distance Traveled 

Each Second 
(average speed) 



- V2 unit/sec. 
' 1 V2 units/sec. 
■ 2V2 units/sec. 
3V2 units/sec. 



Increase in Speed 
in One Second 
(acceleration) 



1 unit/sec. 
each second 

1 unit/sec. 

each second 
1 unit/sec. 

each second 
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Ill this activily iUr Unvi' nMtiaiiUMi at mark K luit thr mass was (I(uiM(mI. 
Whal lia|)|)fMie(l to accli'iationV As mass iiicn'asi'S, Ikkv is ac('(*lrra- 
tioii aH(M*tt»(l? Can you explain why? Try to iintMU a ruh» (hat tells how 
acceliMation is relatiMl to iijmss. 

Compare the distaiu e traveh^d in s(»coii(l No. I to ihe rat(* of accelera- 
lion. Do yoii notic(» ihe siiuw ri'latioiishi|) yon (liscovered hefore? 



FORCE. MASS, AND ACCELERATION 

Now let's pnt to»^ether the two niles yon invented. Each tells somethin*!; 
about how ohjeets aeeelerate. 

From yoiM' experimeiits yoii learned that when foree increases, ac(!e I e ra- 
tion inereases. Do away with Irietion, make jireeise measurements of 
forces and distances, and keep the mass constant. You find that when 
force is doid)le(l, acceleration is doid)led. If force is trijiled, acceleration 
is three times as threat. Look at the table on the left, below. Notice what 
happens t(» aeeeleralion when force is 500 times as great. The accelera- 
tion of any object is directly related to the force exerted on it. 

Force Acceleration Mass Acceleration 

11 11 

2 2 2 J 

3 3 3 J 

500 500 100.000 100,000 



You have also learned that when mass iiu'reases, ac.'celeration decreases. 
Keep the force (constant and accelerate objects. Uiuler ideal conditions 
you find that when mass is doubled, acceleration is halved. If nuiss is 
tripled, acceleration is just one-third as great. What happens when mass 
is raised to 100,000? In each case, notice in the table on the right, 
above, that the acceleration nun doer is the inverse of the mass. The 
acceleration of any object is inversely related to its mass. 

From your experiments with forces and nmsses you fomid two relation- 
ships that tell about the acceleration of objects. Long ago Isaac Newton 
put these same rules together in one statement, which we call a law of 
motion. Newton stated that the acceleration of an object depends 
directly on the net force exerted on it and inversely on the nuiss of the 
object. 
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Think of ohjrcis of i\w snnic mass. lixtMi Iwicc \\w lorco tin one as 
DM ihc oiluT and ils ac'ccltMalioii will \)v \\\\vr us grcal. Think of an 
nhj<H'l wilh a small mass and aimlht'r :i million limt's as massive. Push 
wilh ihr samr force Tlir more massive hody is accclcralcd only 
OIK* milliondi as much. 




Try this [)r()l)Icni. huaginc dicrc is no IVicliiMi and all your measures are 
|)re(Mse. Think ahout die acceleralion if you douhle die mass and also 
douhle the loree. How will die aee(derati(»n he aflected? 




What will ha|)|)en il* hodi loree and mass are 100 times as gr^-at? A 
million times as great? Can you see whal would hapfjen if the force and 
mass are nudtiplied hy the same numher? Would the acceleration 
change? 









F 
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In llns cluiplcr yiui have IcariKMl lluit an ohjr 'I accclcralcs vvlu'ii n 
Uuvv a(is on it. Aiul ytui have seen lluil \\\v accclrralioii is in lIuMlirrc- 
linn of \\\v ncl loicc. Von havr loinul thai Un« accrlcralion of an 
nl)j(M'l is (lircclly icIaUMl lo llic lurcc cxcrlcd and inversely rclalcd lo 
llu* mass (>r ihr And when force and mass arr incrrast^d in \\\v 

same proportion, arcclcralion is nnchnn^cd. 

Alllion^li yoin- cxpr rinicnls have hccn Nvidi a loaded carl, |)rrliiips yon 
have already f;in'ssed duit du*se siinie rnles work lor any ohjeel jiosIkmI 
tn pidled on earlli. How are ohjeels accelerated when diey iwr not 
loiichin'; t! c •;roini I hin arc hein^ pidhul toward the earth liy the force 
of t;ravita|ionV Do falling ohjects oht»y Newton's law (»f motion? 
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CHAPTER 5 



Gravity Around the World 



You Imvr s(»(»ii how (hlTerenl lorcc^s ixiicci the iiiotioiis of ohjccls. 
Astronomers are very mucU coiH^enied with one jiartieuhir h)ree — 
gravitation. When they talk ahout gravitation ami its effects at and near 
the surface of a celestial body, lliey speak o( gravity. How does gravity 
a('ceh»rule ohj(»(;ls iu»ar the earth? 



Throw a hall iipward. As it moves upward, does it travel at con 
staiU speed? What is its sp(»e(l at the lop of its (light? 

9 



On its upward journey the hall changes speed. You have learned that 
any ohject tends to continue moving in a straight line at constant speed 
uidess a force acts on the ohject. When a force is applied, the object's 
motion is changed. Any change in speed — faster or slower— is an 
acceleration. So in its upward path the ball is accelerated, hi which 
direction is the force acting? On the downward journey the ball is 
also accelerated. In which direction is the force pulling? 
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Your rx|)(M'iiiuMU.s willi llir inick .showed you llwil ifyoiicxni a (MinnUnU 
\ovvi\ {)\)}vv{ MMU'cs willi a couHlnnl acfclcrjiliiMi, ll(»w ahoiil f^nivily 
near Hurlncc ol \\\v rnrthV \)ori\ lliis Unvv imnUwr a cDiiHUml 
accclcraliDii downwanlV T(» iiad otit, we (wiii piil fi;ravily U) wuvk tin a 
fallinfi; ohjcci and Dh.scrvc li(»\v Mic ohjcc! moves* \V(» can nwasmi' dit* 
nhjccrs accclrralinn and sec if ii HMnains (W)hslanl, 

ITs not easy In nwasnrc ihr acctdcralinn |)rndiHM'd hy ihr raiilTs 
gravity hccaiisc halls and hooks fall v(M'y lapitlly. TIhmt isn't (nm^h 
time lo nu'asiirts Mill (ralil(M> solved this diilltiult |>rol)lrtn in a siin))lr 
way. lie reasoned that a nnnp ^avo hini a chanro to study eHeets of 
gravity more easily, 



Prop a smooth straight hoard against the wall so the hoard makes a 
ramp that is almost straight up and down. I'roni a [)osi(ion near the 



lop of the ramp, drop a hall so it falls freely to the floor. Does it 
seem lo aceelerale on its downward path? Now, from a similar 
height, release a hall so it rolls down the sleep ramp. Does it seem 
lo aceelerale as niiich? Make the ramp less sleep hy pulling the 
hollom away from the wall. Roll the hall a«^ain and ohserve its 
speed down the ramp. 

Try rolling the hall up the ramp. Is its aeeeleralion similar lo that 
of a hall thrown upward in the air? Continue lo make the slope of 
ihe ramp less and less, eaeh lime rolling the hall upward aiid 
downward on the ramp. What happens to the aec^eleration as the 
ramp becomes less steej)? 
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Tho a(M*(«lfnili(Mi of a hall in I<'mh wIxmi i( in on a raiap (Iwiti wIkmi il 
ih lallin^^ \\vv\\, \\\\\ yon know, as OaliltMi hrlioviMl, lhal fi;ravily providrH 
Iho (lowiuvjo'd I'urrr in bnlli raH(*H. 

GRAVITY AND ACCELERATION 

Wilh a ramp dial has a fi^tMnlo slopt* liko lln* ono holowi V(mi can nniko 
sonio nic»asnrtnn<Mil.s lhal will help yon discovc!' how lla* tNoih's f^ravily 
acorh»nilt's ohjcrls, 




Make a ramp hy placing blocks of wood iiiuler two l(*^s of a loog 
smooth tahle as shown. Roll an empty adlicsivcMapf spool down 
thr ramp and time it. Adjust the slo[)e oCtlie ramp so thai the spool 
tak(*s at least tliree seconds to roll the length of tlie tahle. Tape a 
loiij^ strip of paper along one side of tlie table. Near the veiy top of 
this strip, make a mark for a starting position, f^lace the spool at 
this point. Release the spool and measure how far it rolls in exactly 
one se(;on(l. Repeat this activity several times to liiid tlie average 
distance for one second. Using the same procedure, find the 
average distance for sei^ond No. 2 and second No. 3. Make all your 
marks, on lli^^ p iper strip. 

Stretcdi a string from the starting phice to the average mark for 
the fiist sectond. Call this length one unit of distance. 
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XUNIT 




I low far (lid spool Iravcl in soooud No. 2? In second No. 3? 
Organize yonr data in a lahic, similar lo (ho ono l)olo\v, jnsl as yon 
did in ChaplcM" 4. Kind du* acUMdcralion. 

Yon know llu* spood olian«!;(»s IVonj second to second. Do yon also find 
a eliaa^e in acetderalion? Notice how far ihe s|)ool rolled in second 
No. \, Look at die aeccderalion. How is the a(*c(dera(ion of die spool 
related lo llu* dislance traveled in second No. 1? 

Von have sec^n how the earth's j^ravity accelerates a spool rollin*? down 
a gentle ramp. Unl the distance traveled hy a rollin*!; spool in second 
No. I is one thing; tin* distance traveled in the same linie hy a free- 
falling hody is anotluM. L(»t\s lind how gravity accelerates a Ircc*- 
falling body, 



Time from 
Start 



Distance Traveled 

Each Second 
(average speed) 



0 sec. 

I unit/sec. 

1 sec. 

1 units/sec. 

2 sec. 

I units/sec. 

3 sec. 



Increase in Speed 
in One Second 
(acceleration) 



units/sec. 
each second 
units/sec. 
each second 
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\h<)\) ii hull down i\ hhiinvcll iVoiu (lilTrnMU luMf^hlH, llavo im 
uhrtprvrr rrcurd liiiir in h<mmmi(Ih, Imoiu onr ponilion llic linHM^riall 
nni> Im^ Iphh iluin <Mi(' H<MM)iul; Um\ u hif^HM' nlrp il iiuiy ho luoiv, 

Ihr \\v\^\\\ InMii wliicli ihr ImiII Uik(«rt pshcIIv our hocoiKl 
In lln* llnnr, Mcjinniv liinr Jis pHMMnrly jih poHsihhs Minihuit |Im» 
iliHlinirr cjiivrully, One \\\\\s,\\\ Im* mhp a luuf^ Miring Nvilh n 
W(*if^lil ill thr hoiloin. 




What (lislaiu'c did the Tail diirin*^ second iNo. I? You know that Hiis 
distance is rclalcd to llic rale ol" acceleration. iN<»\v what can yoii sav is 
the rate of acceh'ralion of the l'allin»j; hall? 



BIG STUFF, LITTLE STUFF. AND GRAVITY 

iNow recall tlu^ cart experitiicuts in Chapter 4. When yon cxtMled a 
certain force, yon (oinid that the cart with a two-hrick mass accelerated 
at a rate only onednill' thai ol" the one-hrick mass. Other thiiii^s heini^ 
e(|md, the acctderation ol' any ol)j(M:t depends inverscdy on its own mass. 
Does this nde work lor free-fa Hint-; hodics? Does i^raN ily acc(derate 
objects in Hiis same way? 

38 



39 



ImmiI Iwo smiill lMi\rH \\\v hi/c, V\\\ ^i\\u\ inlo uiip hus iiniil il 
is hair lull. ImII ihr olhrr hus ull iIm' wny. Our Ih>s will hnv<^ iwicc 
lh<< nuiHH nl llip oilier. Ti)|M* 4Ni(*h I»on tIusimI ho (liiil mo hniul Kpillh 
oiil. Now Hhmd on a liif^h (*hiiir iind prt'pMH' lo drop holh hosrn iil 
Iho Hiour insliinl. Al wlial liri|.^hl do yoo hold oju*h l>os so duU hodi 
will land ill sjuiio liiiioV Try il, Hid vim Iind whal >oti oxpocUMjy 
Try it aj^iuo. Hold rach Im»n so hod) will land ill dio sanu* liiiir. 




UeintMiihtT lo drop them al the saioc instant. Docs the aniouiil of 
nuit(*rial in the hoxcs have anythiiitj; lo do with how each hox is 
acctdtMated hy «iravity? 

Drop an (dephant and a necdh* to»j;eth('r in a vacnnni so there is no 
air ^(^sistane(^ The elephant is two niillion times as massive as the 
needle. 1'he tdephant keeps his eye* on the ruMMlle, and the netMlle 
keeps its eye on the elephant. Who sees whal as tlu^ fall? Do 
they see ey(» to eye? 

Kecall the loaded earts. Yon eonid have aehieved the same acceleration 
for two hric.'ks as yon did lor one. What amount of force would you have 
to exert on the douhled mass so that it would he accelerated at {\w sanu* 
rate as a sint^le mass? 
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Tlie foire of «>;ravily causes the eleplianl to fall at tlie same rate as the 
needle. So the acceleration of the elephant and the needle are tlie 
same. But the elepliant's mass is two million times tlie needle's mass. 
How can tlie massive elephant he accelerated at the saiiic^ rate as the 
needle? The only conclusion we can make is that the gravitational force 
on the elephant must be two million times as great as tlie gravitational 
force on the needle. 




Whatever else may he true for gravity at and near the earth's surface, 
[he force of gravity depends directly on the mass of the ohject being 
pulled. Hut the accelerdtion of any object by gravitational force is the 
same — no matter what the object's mass. Elephant and needle fall 
downward at llie samc^ rate. Their acceleration is constant. Their s|)ee(ls 
increase by 32 ft/sec each second. 
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TOWARD THE CENTER 



Next let's look nromul (lie world. Suppose a l)oy in Lil)eria drops a l)all 
down a stairwell lo (iiid the distance fallen in oik^ second. Will lie «^et 
the saint^ result you did? Suppose^ a «j;irl in CAulv tries tlie same exjxM'i- 
iiients. What acceleration nuuil)cr will she (Ind? 

Tlie circle Ixdovv is drawn lo represent the earth. The arrows show 
iUc force of gravity pulling on a falling hall in three |)laces around 
the earth. Use slrai^^ht lin(^s to (^xlend lh(^ force arrows on a tracing 
o( the drawing until ihey int(M'sect. Where do thcv meet? 




It wouhl se(Mii that something at the very center of the earth exerts a 
(orc(^ on ohjects near the surface. Perhaps you would say that it is the 
matter of the (^artli. But not all tiu^ matter of the earth is at tlu^ center — 
4()()() miles l)el()w us. The material ol" tlie earth i.s spread out in the fonii 
ol a huge sphere. Vou li\c on the surface* of this sphere. 

Isaac Newton went to great trouhle to satisfy himself that the gravi- 
tational force exerted hy a sphere^ of matter on any outside ohject is 
exactly the same as i| all the matter in the s[)liere were stpieezed to- 
gether lo a point at the very center. 
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So wlierever you are, on or near the siiiface of the earth, the force is 
always directed downward - toward the center of the earth. And the 
acceleration of gravity is practically 32 fl/s(,»c each second toward 
the center. 

Here\s a pnzzh*. Can you iniat^ine where the acceleration of ^M'avity 
nii^hl he less? Can you ^uiess why? 
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CHAPTER 6 



Bumps, Curves, and the Moon 



Vo!i have sccMi liou *?ravily works near the surface of llic earth. Yon 
know loo llial soiiieliow ihe ^ravilalioiial force of ilie earlli rules ihe 
molious of ohjecls far from llie earlirs surface. Man-made salelliles 
around die eardh The moon orhils around die cardi once a mondi. 

In onh^r lo uiich'rslaiid liiore (dearly how ji;ravitulional force affects the 
motion of a distant ohject like the moon in its orhit, let's first ilnd cait 
how strai^htdine motion may he chant^ed. 

[^pFind a ruler with a «?ro()ve alon^ its At one end of a loner 

smooth tahle, prop up one end of die ruler to form a ramj) willi a 
»i:entle slope. Keep the ramp in a (ixed jjosition hy |)ackin*^ (day at 
the sides. INace a tnarhle near the top of the j^roove. Let the marhle 
roll. The instant after the marhle leaves the ramp, measure its 
motion for exaedy two seconds. Place a rnark where you start 
the timing. 



Place another mark where the marhle is one second later, then 
where it is a second after that. You should have three marks on 
the tahle. 




Use a yardstick to lind llie average distance traveled in each secoiuL 
Compare tlie speed (or eacrii second. Do you (iiid much of a (H (Tereiicc^? 

Perhaps your marhle moved (hic east at a speed of 2 ft/sec. You can 
make an arrow (haj^ram to represent tlie motion of the rnarl)U'. 

(Ihot)se a convenient scah* to represent speed. For exani|)le, su|)|)ose 
you (h'cich' that one inch represents a speed of I ft/sec. How h)n<!; shouhl 
your arrow he to in(hcate the speed of tlie marhle at 2 i't/secV What way 
was the marble liiovingV In what direction should you draw your arrow? 

Look at the diagram helow. Which arrow hest re|)resents the motion of 
your marhle in a second? (^an you explain why? 



N 




The arrow tells two things about the marble's motion. It shows the .spef?^ 
of the marble, 2 ft/sec. It also indicates the direction the marble is 
moving — east. 

Wlien arrows are used in this way, ibcy are called vectors. You can 
always extract two bits of information from a vector— amount and 
rlireclion. The length of a vector may show the strength of a force or the 
speed of an object. The direction of a vector may show the direction that 
a (orce is acting or an object is moving. At this time, you will be working 
with vectors that show speed and direction. Such vectors represent 
relocit}\ 

Velocity is something like speed, but not exactly. Two pupils run away 
irom a telephone pole at the same speed. Will they arrive at the same 
pla(!e at the same time? Not necessarily. What if one runs east and the 
other runs north? 

Now suppose the same pu|)ils run away from the telephone pole at the 
same velocity. Will tlu7 arrive at the same place at the same time? 
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Turn a wat^on or a hieyclr upsicU* down and slick a hit of while 
adhesive tape* onto owe of th(» lin^s. Now spin tin* wli(»(d sh)vvly and 
watch the tape. The tap(» inov(»s in a vwvlr at a certain speech 
niayhe 5 rni/hr. The speed stays th(» same* for a whih\ hnt tli(» 
direction of motion is clian<!;ing all the tinu*. At one niornent, the 
tajjc is moving upward at 5 nii/hr. Hall' ». turn later it is niovin<^ 
downward at 5 nn/hr. 



If yon art* going to deserilx* the velocity oC tin* tap(% you nujst tell hoth 
its spe(Ml (tnd direction at that time. Its sp(»(Ml is constant, hnt the direc- 
tion always changes, so the V(docity of the tape* is constantly i^hanging. 

N 




Think of th(» wind. Otn* aftcM'noon it may he hlowing 10 ini/hr tcjward the* 
north: the next afternoon, 25 mi/hr toward the southeast. Each of these 
(juantitics is a velocity v(*ctor. Yon can draw a velocity vector for any 
moving ohjiM^t hy laying your ruler in the correct direction and then 
measuring off the speed on whatever scale yoir clioose. 
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Practice iisiiifj vectors l)y liyiiifi; tlicsc (.-xani|)lcs: 

I. 1"hc vectors l)cl(iw luivc l)Cfn drawn to a scale of Vz inch to 10 
miles im iidiir. Use a ruler to iiiid the s|}ee(l. Then read the 
\elocilv ol each vector. 



N 



(1) 



(3) 



(2) 

t 




2. Using the same scale and directioiis a.s a hove, draw velocity 
vectors lor tlie following (juantities: (a) 40 mi/In* south; (h) 
30 nii/ln* southwesi: (c) 60 mi/hr northeast. 
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3, Select your own scale. Draw a velocity vector to show your 
motion froui your seat to the pencil sharpener if you make a 
IS-foot heeline trip in 5 seconds. Does your vector show speed 
and direction? 

4, A turtle and a rahhit start a race tofiiethen They hoth run in the 
same direction. Stop the race. The rahhit has run 50 times the 
speed of the turtle. Draw velocity vectors to show the motion of 
l)(»th animals. Use a convenient scale for your vectors. 

On page 44 you made a velocity vector to represent the speed of the 
n:arl)le and the direction in which it moved. While the marhle was 
moving on the table its velocity was practically constant. Can you 
explain why? 

[^p Put the marhle in motion again, hut do it another way. Place the 
marble al the middle marker on the table. Have a partner stand at 
the side of the table, facing the middle marker. On signal he blows 
a (juick, sharp blast of air against the marble. Keep time as in the 
previous activity. Place a marker at the marble's position at the 
end of the first second. Do the same at the end of second No. 2. 
You will make better measurements if you try several times. Find 
the average of the distance moved in each second. Draw a vector 
of the velocity of the marble. Use the same scale you did with the 
ramp: 1 inch represents a speed of 1 ft/sec. 




Transfer the velocity vectors of the marble from each activity to a sheet 
of paper. Examine each vector. Compare the speeds of the marble in 
each activity. Compare the directions. Can you make a comparison of 
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the size and direction of the net force that made the marble move along 
tlie tal)le in each activity? Remember that a marble, or any object, will 
be accelerated in the direction of a net force. 

romp vector 



W- 



wind vector 



A net force caused the marble to chantj;e velocity each time. Let's find 
out what will happen to the marble when you coml)ine velocities. 

[^P Now for some teamwork. Ask your partner to stand next to the 
middle marker. Roll the marl)le down the ramp exactly as before. 
Keep time carefully. Just as the marl)le passes the middle marker, 
your partner should blow as hard as before against the rolling 
marl)le. He woujd have to practice to time the air blast just right. 
Notice the position of the marble 1 second after the blow. Place a 
marker at this position. Repeat this activity several times to find 
the average position of the marble 1 second after it was blown. 




Draw a new velocity vector to represent the motion of the marble during 
the last second. Is this new vector like either of the old vectors? Why 
did the marble change velocity? Look at the diagram at the top of page 
48 to see what happens when velocities are combined. 
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One vector descrihes tlie velocity of tlie marl)le as it rolls from the ramp 
across tlie tahle. The other vector descrihes the velocity of the niarhle 
after it is blown from a position at rest. When these two velocities are 
combined, the direction of the marble is changed and it has a different 
velocity. And when the velocity of an object changes, it has been ac- 
(!elerated. If the marble is accelerated, a net force must have been 
exerted on it. Look at th(» vec'tor diagram. Notice the vector for the new 
velocity, particulary its direction. Try to make a reasonable guess about 
the direction of the net force that accelerated the rolling marble. 



velocity from romp 



blost velocity 



You already know that when an object changes speed it is accelerated. 
Now you al.so find that when a marble changes direction it is accelerated. 
These two ideas can be combined into one statement. When an object 
is accelerated, its /Y^/oa/j changes. It moves at a new velocity — at a 
dilferent speed, or in a different direction, or both. 

Wlien your friend blew, the marble was accelerated to a certain south- 
ward vehxMty, When that velocity was combined with the original velo- 
city from the ramp, the marble was accelerated. And it moved with a 
new velocitv. 




A swimmer wants to cross the Mississippi liiver from Iowa to Illinois. 
He dives in and swims eastward at 3 mi/hr. Notice this velocity vector 
in the diagram above. But the river is"^ flowing south at 4 mi/hr. Notice 
this vector, too. What is his velocity as seen from the shore? 
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You can find the answer by pulling llie lail of eillier veclor al llie lip of 
ihe olher one, as you see in llie diagrams. 



Tlie length of llie dolled line llial coinpleles llie Iriangle gives llie speed 
of llie swimmer, lis direction shows llie direcjlioii of his |)rogress as seen 
by anybody on ihe shore. He moves willi a velocily of 5 nii/lir in a gen- 
erally soullieasl (lireclion, landing downslream. 



swimmer 
\ ' ^ 



swimmer 



Try ihese Iwo problems willi pencil, ruler, and paper. Sel up your 
compass di reel ions and make a convenienl scale for speed. 

ii 




I. A plane flies norlh willi an air speed of 100 mi/lir, bul ihe wind 
is blowing loward llie soullieasl al 40 mi/hr. Make one vector 
showing llie velocily of llie airplane norlh ward. Make anollier 
veclor showing wind velocily. Pul llie lail of ihe wind veclor lo 
ihe lip of llic airplane^s veclor. Whal is the speed of the plane 
over the ground? 
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2. A man rows a l)()al south at 3 ir."/tir rhmugh a current that is 
flowing west at 3 mi/hr. How Uisl is he moving over the river 
bottom and in what direction 




Prol)ably you In'^i- tr()ul)le finding the direction of the velocity 

vector of the swimmer, the phuie, and the boat. But if it was chfficuh to 
(lescril)e the direction of the net force that changed the velocity of the 
marl)h^ don't be a bit surprised. The net force worked for only a fraction 
of a second — too quickly for you to notice. The following activity will 
help you find the direction of a net force which results in a certain 
change in velocity. 

Place a book at one end of a smooth table. Have a friend roll a 
marl)le along the tal)le straight toward the book. Just as the marble 
is al)out to hit, give it a slight whack with the edge of the book. Try 
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lo ImuruH* llir marble so il rolls slrai»!;hl \n\ck to your |)arliUM'at llic 
same sf)ee(l h(» rolle^d it toward you. Try this activity several tinu»s 
until you luive {\\v hall rollinji each way at about the sanu^ s|)ce(l. 

Ill this activity the <iuirl)le eha!iji(*(l V(»loeity \vlu»ii it struck the hook. Il 
was ac.'celcrated when a force was a|)|)li(»d. hi wliicdi dirt^ction was the 
l)()ok m()V(»(l? ill which dinniioii was tlu* force actinji on the 'inarhU*? 

[^3P I die acti\ ity onct* ajiain. Your fri(»n(l rolls the inarhh* just as he 
did htdore. Biit this time you do not shoot the marhle l)ack to him. 
histead, you give the marl)le a slij^ht whack so that it travels offal 
rijiht aiijiles to tlu» old f)ath. Find the hest f)()siti()U and move your 
hook so you get the angle just right. Try to keep the speeds 
the same. 




Once again you arc acc(derating tlit* marhle. hi \vhi(di direction did you 
move the hookV In which direction is tlu* force acting this time? 

To find the exact direction of the forc^e that acjcelerated the marhle, 
make a record of the marhle's track. 

Place a large sheet of hiack construction paper on the Hoororon a 
large table. Place a book in the middle of the sheet of paper at the 
|)r()per angle. This time the hook is statioiuuy. Set up a ramp as 
shown on f)age .52. Make the ramp fairly steep and fix it in position 
with chiy. Roll a steel ball or a heavy marble in some talcum 
|)()wder. Let it roll down the ramp. The nuirble will leave a f)()wd(»r 
trail on the pa[)er, r(»(^ording its track heforti and after tin* collision 
with the book. 
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On the black paper, mark a chalk line alonj^ the edge of the hook where 
the marble has bounced off. Remove the book and yon see a track of the 
marble's motion before and after it struck the book. And by using 
vectors you can (hul the direction of the net force that causes a change 
in velocity. 




Call the marble's path before collision the old velocity and the path 
after collision the n^^z^; velocity. Assume that the marble loses no s[)ee(l 
due to the collision. Suppose the marble travels at the S[)ee(l of I ft/sec 
belore and alter collision. Place a dot to show the marble moving along 
the old velocity line one foot before the collision point. Do the same 
along the new velocity line one foot after the collision point. Make 
arrows to show the velocity vectors. So in two seconds the marble moves 
with its old velocity, collides with the book, and moves off with a new 
velocity. 




F/g,/ Fig, 2 Fig, 3 



If the book were not in the way, the marble would have eontiinied 
moving at the old velocity. One second later it would have been in a 
position at the tip of the dotted arrow above. But at the instant the 
marble did hit the book, it was accelerated. The marble moved with a 
new velocity. You know that the accteleration was due to a force from 
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llu' collisioir with the Kook. With your vector dia^^rarii, you can lind the 
(hrcction of the force that accehM-ated the uiarhh* to a new vehx-itj'. 
Simply (h'aw a straight Mne iVom \vh(M*e the iuarhh» wouhl have heeii 
willioul the hook to where it actually was one second alU^r collision. 
This lint* tells sornethin<^ ahout the ehan^^e of velocity that resulted in 
die new velocity of tlu* marhle. It also tells yon ahout the (lir(H*tion of 
lh(* iK^t force exerted on the marhle at tlu* point of collision. 

Try the sariu* activity as the pr(*\'ious one, hul use two hooks. 
Arran»;e thtMU so tlu* niarhle will hoimee off tlu* first hook and hit 
the s(»cond one*. KxperiuKwit until yoii get the marhle to roll in tlu» 
manner shown hclow. W hen you are ready, dust your iiuu'hie and 
let it roll. 




Mark th(* t^lge of each hook. 'I'ry makirig force arrows as you did hefor(^ 
Notice the dirtu'tion of the lorcc each time the marhle collides with a 
hook. And VLH'\\ ilmo a lorce is applied, the marhle is ac'(xd(M'ated. It 
rolls along a i»ew path. 

Most p(M)ple hav(^ watched a hilliard hall hounee off the side cushion ol' 
a hilliard tahh^ Pi(*ture a scpiart^ hilliard tahle, as in the diagram helow. 



start 
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Iriui'iirK^ lhal iIk- ial)lc is (\\lr(Mn(*ly smooth sci thai friclifwi will not sl(»\\ 
ihc hall l(ir a lon^; (inn*. .\(,\v shooi fnnrj iIk- rtMiler ol* ariv sidi- toward 
th«- ceiiler of an adjacent side. The dotted line sIkjws the first trip of the 
hall around the tahh*. iNotice the velocity of the hall after each collision. 
What are the directi(»ns of the forces that accelerate the hall at each col- 
lision? Think oi' ycuir cx|»(*ri!nenls with the hook and th(* niarhle. Where 
do all the force arrows point? 

Next, iina>j;iiic shoolinn; the* hall on a hilliard tahle of live ccpial sides. 
Shoot fnirn th<* center o\' any one side to hit the center of the next side. 
Draw a diat^rain with yonr own fence arn»ws io ex|)lairi the acceh^ation 
ol the hall. WIk^H' do all th(^ forc<* arrows |»oinl? Notice the an^de he- 
iween the cnshion and th<* hallV path. Is the an«j;le the same as on a 
sjpiarc lahlc? 




Now imagine tryinji the same thin*; on a hilliard tahic with a luindrtMl 
c(pial sides. Shoot from the ct*nter of (»ne si(l<* to the c(Mitcr of the next 
side. This time the distance* hclwecn impacts is ralh(*r small, and so is 
llic an«!;lc h(*twc<*n cushion and track. The hall makes ]()() collisions 
<-ach •!;o-an»un(l. W hat ahout the (dian«!:e of vch»city and forc(* at each 
impact? W here do the force arniws j)oint? 

lma«!;ine a tahh' w ith a million <'(|ual sides. What hap|)ens? The shaj)e of 
the tahh* is almost circular: the impacts of the hall are very fre(pient. 

Kinally, think of a perfectly circular tahle. The hall is louchin>^ the 
cushion conlinuuuslv. The an«!;le hetween cushion and track is zero. 
W hat is the |)ath of the hall as it moves around in its track? What is the 
direction of the force hein^; excHed hy the cushion on th<» hall? In 
which direction is the* hall hcin>j; acc(derated? 



54 



V(Mi can make a uuM of part of a ciivnlar hillianl lal>le l>y cnllinii 
a paper plalr in half. Koll a inarhlr toward the plalc^ so thai il 
travels aroinul the rim. The track is straight hcfore and after. Hut 
wlien the Muid»le is in contact with the rim, what can ymi say ah(»nt 
its velocity vtM'tor? Ahout its acct^lerationV Ahont the force 
on itl'' 




The moon ^uoes around the (\irtli in an orhit that is nearly circular. Let ns 
ima«i;ine that it is circular. The moon is not tied to the eartli with a 
celestial chain, nor is it rollinti an)und the rim of a luitj;e jjie plate. Yet 
il continues to nu)ve around month after month in its orhit, rcspondin*-; 
to a constant pull. From your experiments with the hooks and hilliard 
lahles, you have learned ahout the direction of a force thai causes 
ohjec*ts to uu>ve in a constantly chantj;in»j; jiath. If you were to draw 
many, many force arrows to e\|dain tlie acceleration of the moon, where 
would all tlies(* arrows ccnne totj;ethery And at the center of the circle, 
what do you find exerting a pulling: force on the moon — yesterday, 
tomorrow, and in a hmidred million vears? 
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CHAPTER 7 

Newton and Gravitation 



Isaac Ntnvlon was horn in Eii'^laiul in 1642, a y^^ar alitor Galileo's dealli 
and Iwolvr years al'ler die deadi of Johannes Kepler (yoe<HAHN-ess 
KEP-ler). Galileo had sindied niolions of ohjecis here on eardi; Kepler 
(liseovered Hnee laws dial deserihed how planets move. One of Newlon's 
parlienlar inleresls was to follow up die work (jf Galileo and Kepler, who 
deserihed how ohjeels move here on earth and oul aniontj; the planets, 
Newton went further and answered the (piestion of ivhy things move the 
way they do. 
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A story is told that Newtoiu in a thoughtful mood one day, watched 
an a|)ple fall from a tree in the orehard near his home in Woolsthorpe- 
hy-Golsterworth. Watching the apple fall, Newton wondered if the force 
pidlino; the apple was also at nork far from the earth. 




MOON AROUND THE EARTH ' 



Knim llif work of Cialil(M» iiiiil ollirr scitMilisls, Ncwldii knrw lluil llie 
accelfriilioM of llu^ a[)pl(\ (ir of iiiiy iVcrly ralliii*!; ohjecl iit'ar (lie (nirllTs 
surlac (\ was 32 ll/stM* vurh seciiiid toward iIum*(MiI(M' of llitM»arlh. 

knrw tluil moon was hriii^ iiccidrraltMl toward the (»arth as it 
inovrd in ii lu^arly cin uliir orhit — once around every month. And this 
aectderation had to \)v ciuised hy sonu* li»ree from the eiirth, |)ulliiif!; the 
moon eontiimoMsly towiU'd the earth. Newton was confuh'iit that this 
loret* was j;ravilatioiu thiit it Wiis inch^ed the same loree that hron«^ht the 
apph' to the t;roini(L 

Hot is the pulliiij; I'oree as strong at the moon's j^reat distance iis it is 
Urvv i>n the suHaee of the (^arth? Perha|)s it is stron*^er out there; or 
p(M'haps W(*ak(M'. Let's Imd the aeeeh'riition of the moon in its orhit as 
N(»wtoii did. \\ h(Mi \sc are finished, \v(» can compare the acceh*ration of 
the moon w ith the accehMation of an ohjcci near thtvsurface of the earth 
— .'^2 It/sec (nich s(»cond. 

The lirst task is to lij;ure out how fast th(* itioon is triivelin*!; ah)n«^ its 
orhit. Th(* orhit is neiuly circuhw, and the av(»ra*^c distimce from earth's 
('(Miter to moon's center is 21(),()()() mih\s. 




orbitoi period - 27 days 



W h(Mi you know {\w racMus ol the orhit, you can calculate tlu* circuin- 
lei'cnce. WOi k it out lor yourself. 

r; = 2 X 77 X 

C = 2 X :^.14 X 24(),()()() 
Vmu tuiswci will he in miles. 

The moon tiikcs id)out 27 days to coMi|)lete one orhit. How lar does the 
moon travel in this time^ Now li^urc out the moon's speed in miles 
per day. 
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A more conveiueiU way lo descrihe llie moon's speed is in feel per 
seconil. If you clumped die unit of measure from miles per day lo feel 
p(M'sr(»ond, you would lind lhal llie speed of ihe moon is approximalely 
KM) fl/see. 

The nexl lask is lo lind how mueh ihe gravilalional force of ihe eai lh 
pulls ihe moon from ii siraighldine palh. Il lakes 27 days for ihe moon 
lo eomplele a full eirde. Ih)w many de«^rees are in a circle? Figure oul 
how many det;rees of a circle ihe moon Iravels in a day. 

Piclure ihe mooifs oH)il. Dols in ihe illuslralion helow show Hie jjosi- 
lions ol die moon al hvo momenls exaclly one day ajjarl. An arrow 
represenls ihe velocity of ihe moon al each posilion. Wilh a veclor 
diagram you can (ind die acceleration of die moon. 

On page 59 two veh)cily vectors are drawn to scale. They are drawn 
from a common starling point. When you use vectors this way, yon can 
estimate the change of velocity when the old velocity and the new ve- 
locity are known. 




The mooirs orhital speed h .'MOO fl/sec. On the veclor diagram, one 
inch ecjuals 1000 ft/scc. Tc, represent the speecl of* the moon eac:h 
veclor is l^A inchr^s long. The angle hetw-c^?? die two vecU)rs is 13.3°. 
Draw the veclor to repr(\senl the cliange of ve locity. The (diarige veclor 
goes from the tijj of the old velocity veclor lo the tip of the new ve- 
locity veclor. 
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M(»asuiv \h<* vtM'lor sliowiiij^ clian^^r of vrlority. It is (M»j;lit-tonlli.s of an 
inch lon^, reprrstMiliufj; 800 H/stM*. Thus, the chatigr of rclnrity of the 
moon is BOO ft/sec during the course of one day. This acceleration is 
in the chreetioii of the earth. The moon's acceleration toward the earth 
is 300 ft/sec each (hiv. 

\ 




/ 

/ 

/ 



/ 

There is one more task helbre we can compare the apple with the moon. 
The apple's acceleration is 32 ft/sec each aecond; the moon's is 800 ft/ 
sec each day. The units of time for apple and moon are different, so you 
will have to change the units for the apple to the same units you used 
for the moon. 

First lind the numher of st^conds in a day. Then work ont the accelera- 
tion of the apple in feet per second each day. Compare, as Newton did, 
the acceleration of the apple with the acceleration of the moon. How 
many times greater is it? Work it out. 

apple's acceleration _ 
moon's acceleration 

If you c()\dd make a very accurate drawing on a large scale, and il all 
your measurements were precise, you would find that the acceleration of . 




ihc moon is 3600 limes smaller ihmi \\w acoeleralion of iho apple al iho 
earlli's surfaee. 



Allhouf^h Newloii worked hard lo lind llie aeeeleralioii of Mie moon, he 
still wasn't finished. He wanted to (ind a general rule lo deaerihe how 
die earth's «^ravilational pull on an ohjeel depends on the distance of 
the objeet from the earth, Compare the only two examples that Newton 
knew — apple and moon. How far is the apple from the earth? 

Remeniher that Newton worked very hard to show that the spherical 
earth attracts objects as if all its matter were squeezed together at the 
center. The diameter of the earth is about 8000 miles. How far is an 
apple from the center? How many times as far away is the moon from 
the earth's center? Look at the diagram below. 




4^00 miles 



240^000miles 




1 unit 



units 



9 



Divide the distance of the moon by the distance of the apple. Enter the 
number in your copy of the table below. 

Look at the number you get and then compare it with the number you 
found when you compared the two accelerations — apple and moon. 
Puzzle over them until you can make a good and satisfying guess how 
the earth's gravitational force changes with increasing distance from 
the earth. 




Distance 


Acceleration 


1 


1 




1 

3600 



60 
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'IVv ihcsc prohlcms to sc(^ if v(Ki made a rcasoiiahic «;iicss. A space 
\)\\)\h* oil ilir laiMU'li \n\i\ is I earth radius IVoiii tlu* center ol \\\v 
earth, (^all the earth's pull on it a loree of I unit, Later, at various 
points aloii^ ils orhil, the slrenj;lli of the «^raviiational loree is 
(lilTerent. tlopy and lill in the lollowin^ lahle. 



Distance from Center 
(miles) 

4000 


Earth Radii 
1 


Strength of Force 
(units) 

1 


8000 


2 




12.000 




\ 

9 


16,000 






20.000 




\ 

25 


40.000 


10 




240,000 




1 

3500 



From your work with the lahle, try to make a precise slalenienl 
ahont how the strength of the earth's gravitational force is related 
tu distance froni the center of the earth. 



You have round that the earth exerts a pulling force or i any object 
whatever— near or far away. Our studies of falling objects here on earth 
are local examples of something more widespread. The force of 
gravitation affects the motions of all objects — here at home and out in 
space. So motions in space are linked with motions here at home. This 
is a far cry from the sharp difference in motion that was believed to 
exist between objects on earth and objects in the sky in Aristotle's time. 

PLANETS AROUND THE SUN 

You know that the moon moves in orbit because a force constantly ac- 
celerates it toward the earth. And you have found how the acceleration 
of an object by the earth decreases with distance. Newton looked far 
beyond the moon and puzzled over what Kepler had learned about the 
motions of planets. What caused the planets to move in the way they 
were observed to move? 

Newton had a strong hunch that a pulling force was acting on each 
planet, continuously accelerating it toward the sun. He wondered if 
perhaps the sun exerted the same kind of pull that the earth did — 
gravitational force. And if it did so, did the force work in the same 
way? Was it stronger close to the sun? Was it weaker far away? 
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Imoiu Kc|>lcr\s work N(»\vh»ii knew disliinccs IVdin ihc sun l(» i\ luini* 
\)vv |ilan(»ls. He iilso kiirw ihr orlnlal periods, aiul so he could cosily 
lif^oiv (he speeds of ploiiels oloof^ iheir orlnls. lo dw soinr way os 
he lind done for the inooo, Newlon eoleidoled Hie oeeelenilion ol eocdi 
phinel in ils orhil nrnnnd ihe sun. 



Planet 


Average Distance 
From Sun 
(aM.) 


Acceleration 
(earth = 1.00) 


Mercury 


0.38 


6,93 


Venus 


0.72 


1,93 


Earth 


1,00 


1,00 


Mars 


1,52 


0,43 


Jupiter 


5,20 


0,03 


Saturn 


9,55 


0,01 



The lal)le ahove tells die dislaiiee and aeeeleraliou of each |)lanet 
known lo Newlon. All distanees and aeeelcM-atioiis of planets are <^iven 
in units thai make* them easy to compare. Study the tal)le. What do vou 
nolicc ahout the distaoc^es and aeceleralions of the planelsy 

I.el s Iry to find oul more pn^cisely how acceleration depends uu 
distance. 



Planet 


Distance 


Acceleration 




From Sun 


(earth = 1) 




(aM.) 


Saturn 


10 


Vbo ( ) 


Jupiter 


5 


J. (1) 


Earth 


1 


1 



SatiM'n's dislaiiee from tlu^ sun is rou«;lily ten lini(»s that of (he earth. 
Bnl its acc(deralion is only ahoul one onediundredtli as much. Jupiter is 
ahout times as far from the sun as is the earth. What should its 
aceideratioii heV 

Kepl(»r"s ruh»s explained how the planets moved. Now Newton was ahle 
to show why they contimied movintr alon*; in orhit. The planets were 
(raptiv(»s of the sun's fira\ itational force. This force reacrlied invisihiy out 
into sj)ace, coiitrollin*; the motions of the |)laii(4s. Indeed, if Newton's 
W(»rk is rij^ht, the f)laiiel must move in the way we ohserve them to do. 
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(Jnivilalinii works fur Ik^vumiI ihr (»arlli. Von \u\\v soon lluil llio sun 
(\\or(s tlu* sionr kind of ^raviUitionnl inill o\i phnirts as tlio oartli dors 
on iO) npplr and on Hio n^ion* And yon liavo ionnd dial Hio s|r(M)f;di of 
dir I'oror is rrlalod In du» ifurrsr SijiKirr of \\\r dislanoo* (»ravilalional 
allratMion acronnis not only for dir niolions of hodios in \\\r oardTs 
iioi^hhorhood. lull also lor llir uiolions of planrls around llto sun. 

GANYMEDE AND THE MOON 

ilow dors gravitation idlVrl llu* motion ol humuis around otli(*r planols? 
Tlio loin* l)i^^rst satrllilos ol' Jn|utrr, disoovorod l>y Oalilooand known 
to Nowton, oH)il n\i;nlarly around tlioir paroni planol. Tho largest o{ 
thrui is (Janymodr ((;AIN-rli-au'(Ml): it orl)ils almut 07(),(HH) atilos from 
contor of Jupitci'. 

Look l)rl()W at llir taMr of llir rolalivr dislancrs and accolrraliiais (jl llir 
four moons. 'I'o make oomparisous a lilllo rasirr, IIk* distauco (jflfany- 
mcdo is 1.0 iniil from Jupilrr and its acceleration is 1.0 unit. Callislo 
(kiih-LISS-toe) is iiKout three* timers as far from Ju|)iter as is Europa (you- 
H()\V-puli). And the aeec^leralion of (lallisUi is ahout one-ninth that of 
b.nropa. (aanparc* the dislanees and aeet^leralitais ol jo (KYK-oh) and 
(ian\uie(le. I)ot»s the same kind of relationship exist? Does die iiiv(»rs(» 
scpmre law seem to work for Jupiter's iiioonsV 



Satellite 


Distance 


Acceleration 


lo 


0.4 


6.6 


Europa 


0.6 


2.5 


Ganymede 


1.0 


1.0 


Callisto 


1.8 


0.3 



Now turn to a new kind of pu/zle. (lompan* (/anymede ^oin»; around 
Jupiter with the moon ^oin^ around the (»artli. (»anym(MleV nearly 
eireular oihit has a radius of 670,000 miles, almost lliree tinu»s as far 
from Jupiter as our moon is from the (Mrtli. Can you make a prediction 
ahoul (/auyuiede's aeeeleralion toward Jupiter? Should it Ik^ as »;r(»at as 
our moon's aeeeleration toward tin* earth? Inverl the scpiare of three and 
what do you «;el? So you may predict that Jupit(M* will ae(*elerale 
(iaaymede only one-ninth as much as tin* earth aee(derat(\s the moon. If 
(Ganymede's aeeeleration is worked out, however, it turns out to he not 
one-niulh the aeeeleralion of the moon, hut 40 times as ^real as tin* 
acceleration of th(* moon. 
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WInil is wroii};? WIin whs ihr pivdiclidii sd lai' olIV |)(M^s ilKMMMiipiiriHO)) 
uf lh(* iiHMMi iiiid (lanytiK'dc iiicuii \\u\\ ihr f^nivihiliiMiiil ^lll(^s doii'l 
apply lo siii(dlit(*s of u\\\rv pliiiK^lH? \\ \n\{ is iIk* Irniddf*? Vnii know Ihal 
JiipihM' is llif iiinhl massive |dan<»l in sidar syshMu, lanrr massive hy 
far diiU) Mir viwlU. Think idxml it. 

Vnu \n\\v s(M'n llial ^ravilali(imd lorce dcp(Mi(|s nn die invrrsr s(|nar(» 
of {\w dislaiirr hclwccn l\v(i iMidirs. ( Iravilaliunal Wnvv also desponds 
on soniolliiofi; else. Ncwlon was ald(* lo acrmnil (or Hio snprisinfi;l> ^roal 
accrlrralian of Oanyniodc aronnd Jupil(»r. lie ivasoncd duit llir «;niviia- 
lional lorcc cxcrltMl l>y Jnpilor depended on llie mass ofJopitcM' ilself, as 
well as on die mass of (Janymedr. In Mie same way, iUr f;ravilali(nial poll 
hy the sun on a planet depends on the mass o( ihe sun, as w(dl as on die 
mass of the planet. In fact, (uiy gravitaticmal force depends on the 
mass of the larger ohjoct and also (»n mass of iUr smaller ohj(»et. 

Now we can pot together these ideas ahont distance and mass to make* a 
siii«;le staleiiient ahiau •;ravitiUioii. The slreii«;th of the ^ravilational 
lorcc* is proportional directly to the product of tin* two masses and 
inversely lo the scpiare of tlie distaiicc hetween thcMU. This statciiKMit is 
called the law of gravitation and can he represeutc^d this way: 

mass I X mass 2 

torcc ~ -r. : 

distance s(|nar(*(l 

DOES GRAVITATION WORK BOTH WAYS? 

M(M-e is a pu/zh*. You know that the sun pulls on the earth and k(*e|)s it 
in orhit. Hut yon also know that the earth pulls on the moon and keeps 
lh(* moon in orhit. In any ^iven pair, how arc* we to decide who is |)idlin^ 
on whom? Is it the more massive hody diat (»xerts the gravitational [hiII 
on the h»ss massive* hody? 
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Think hurk lo mmit ^^hihMiinil alnMil ilitliuuiil Inrns Appls il In \\\v 
riirlh, Thr piirdi nn\ i)l)iiM'| nnlsidr ihrll wilh m >^livnfUli llwil 

th'lH'nds iliivrlly <m IIh' (inMliirl ol llir Iwn m{i>>^r>^ iitul in\riMrl> nn llir 

11 (lir luu Www (luM) (hr iwnlli |miII^ imi nuU on tlir tuoiM) iiiiil on 
np()lrs; il also pulls nii \\\v huh, V Hccjuinr ihr sun is cprliuul)' im 
ol)jiM'l wilh muss. 



" - -f-) 

/M(oarth) x /W(moon) 




WiH'v (liau iIimK ihc raiil) pulls on ihr sun will) th(' siUiK* str(M)<i!;lh ihni 
\\\v sun pulls on tl)(* riU'th. I^'irsl irad llu* law u| <j,n)\ ttaliuu as ihr sun 
would. "I, 1 1 ir sun, pull on I h(' carlh wilh a slrni«i;lh lhal (lc|M»n(ls dirrclly 
nu thr prothh^t of iny uiass and ihr mass of plauci carlh, and iuvrrs(*l\ on 
llic square ol ihr rarllTs dislaurr fnan invT 

/!/ Isun) X i\l ((»arlh) 

Nnw i'Ci\{\ \\\v law as ihr rarlh Wuuld. "I, ihc ciii du pull on dir sun u idl 
a slrrn<!;di dial drpruds dirrclly ou ihr prudurl <>) tn\ mass and thr mass 
ol thr sun, and invrrsriN on ihr scpiarr ol ihr -^uu's dislanrr Ironi nir." 

^ /l/((>arlh) X A/(sun) 

All ihrrr (|uautilirs lhal appear in holli slalrmrnls arr idrnliral at any 
onr inslanl. So ihr lorrrs arr ('(|iial in slnMit^lh. I^U lliry arr opposite in 
dirrrtion. Thr sun pulls ihe (*arlh toward the sun: ihe earth pulls llir smi 
toward ihr rarlh. They pull toward rarh other with ihr samr slrrnt^lli. 
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Thih pair of ^Mpuil hul <)|>|Mihilr I'uivrh \h n\\ rsnmplr of jmolhrr v<'ry 
iin|MM'lani nilo (liHcoviivtl hy Ni^whnit \\v haiti lluil all luivrh rnnu» in 
IMuiH, Whrii yi)ii |Mihli ji rthoo Im)X arrosh ila^ IliMM', Imin |>iihIh^h lu^'k- 
wani oM your IuumI wilh lh(* www ^\m\\^\\u And an noon wh ihr hns hUmIh 
In nn)v<», llir llnor csrrlh ji IVicliun foriM* \\u\\ hIonvh |Ih» hos ilnwn. Tlir 
hus ia lurn rscriH {in opixmih^ fnrr<» on lla* \\{H)\\ 

wilh {ill your on llu» knoh of a hickcd doiM', Mak(» surr 

you have w lif;hl f^rip on dir khoh. hi whirl) dirrrdon arr you 
oHordUf^ a Wnvv ou dir kiu)hV And in which dirrrlion doon \\w knoh 
pull you? 




While you aro pnllint^, another force-pair was aelin*!; on yon. In which 
(lireelions were (»aeh one* of this pair of forces actin*;? 

Uy ohservint; f()rce-|)airs at work, yon can s(»(» their eff(»cts on ohjects. 

Attach one end of a lou*; string of rul)l)t!r hands to the front of a 
small cart. The striag should he about 10 feet long. Attach the 
otheM- tMid to the front of an identical cart. You and a helper 
separate the (larts luitil there is a good stretch to the rubber band. 
Predict what will happen to both carts when tliey are released. At 
the count of three, let both go at the same instant. Watch the mo- 
tions of the earts. 
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Nrxl mn.sHOH ill riicli I'iiii, Srpjinih* iIip ciniH hy \\\v 

siiiiK* ilihljuiiM' jis |)i»lnrc ho you krr|) ihr Wnvi' hiiiiic, WIiiiI will 
li}ip|)(Mi In inolions of cjirls ihiis liiii(»? Lrl h)f\(»ih(M' iiiid 
wjilrli wluil liiipprns, 





finally., \)\nrr holli innssrs in one carl, Li^iivc \\w oiUvv (Miipty. 
Ucpcal llic acli\ ily. iNolicc liow carl is accclcralcd, 

llcrc is what may look liko an odd puz/lc*. Since forces always conic in 
(Mjiial and opposilc pairs, ulial happens if you (dinih oul on llic roofand 
slcp olT? Yon arc pulled downward hy ihc force of j^ravily. Uul j^ravila- 
lional forces work holli ways, The earlh allracls downward, and so you 
nnisl allracl ihc (*ai*lh upward wilh a force of lh(»sanie slrenj;di. Can it he? 




You indeed pull upward on I he earlh as slront^ly as il pulls downward 
on you. liul ihe mass of ihe earlh is many, many limes tj;i'ealer lhan 
youi's. So ils upward accelenition is many, many limes smaller lhan your 
downward acceleralion. The earlh doesn't eonie halfway u|) U) meel you. 
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Try lo iinajj^iiic all [\\vvv billion pt/oph* of our plane! climbing lo the lop 
ol a lower ihal is one inile liij^h. TUvu llu»y jmn|) oil" all al once. The earlh 
(lotsiTl come liallway up lo inool iIkmu; il is so massive lhal il only 
moves u[)\vanl a few |)illionllis of an ineli while ihe |)eople are falling 
ihe niil(\ 



GRAVITATION CLOSER BY 

Newlon solved llie pu/zle ol why tliint^s iuo\r as ihey do — luTe on earlh 
and far oil in space. As you have seen, nujst of his n^asonin*^ was based 
on ihe millions (»!" very dislanl objeels— moon, sun, and |)lanets. In Ins 
(lay, ibe only pertinenl earlhly ([uantily that could l)e measured direellv 
was the acceleralion ol" objeels near the earlh— 32 fl/see each second. 
\\ ilh jusl ibis one mmiber in this \cry small |)arl of the universe, |)lus 
his limited knowlcdj^e of faraway celestial bodies, be invented a com- 
plete thcor\ ol" j^ravitalioiK 

Hut in later years some scientists wondered if there mij^bt be additional 
earlhl> evidence of «^ravilalion al work. In the I TTO's the lirilisb 
astronomer .\evil Maskelyne (MASS-kubdinc) lhou»^bl of a |)o.ssibililv. 
To tret started, be iuia^^ined two idcnlieal plumb lines sus|)end^d ten 
miles apart on a Hat earth. Nothing was in between. When the masses 
slopped swinginti; in this itnaj^inary situation, you would expec^l them lo 
look as you svc them in tin* (lrawin«j; on the left. Why? 




Next, be ima»(ine(l there was a lur«^e mountain between the suspended 
mass(»s. He had a Inmeh that they would tiot p(unt in exactiv the same 
direction as before, (ian \ou i£ness what \\c thoii«^hty Kx|)lain v by. 
Describe bow the plumb lines would behave. 

Maskelsne knew that a tehvscope pointin^^ upward could be placed 
parallel to either |)lumb line, lb* titiessed thai wIkmi the t( lescopc was 




placed |)aral!el to liie plumb line on one side of the rnoiinlain, it would 
not point to exaetly the sauie spot in .s|)a(!e as wlien it was placed 
parallel to the other pliunh line. 

Then Mask(»lyne |)erronne(l tlu* t^xperinuwit. He took into account the 
cartlTs curvature and all other cfTccts that nut!;ht hini trouhle. One 
evenin<i he set u\) his telescope north of the mountain and si«!;hte(l it 
very carerully on a star crossin*!; the zenith. The nc^xt ixi^^Ui Ik» set his 
lelescojjc south ol tht* nioiuitain and watched the same star crossin*!; ihv 




z(»nith. Its position in the tclesccipc was not fpiite the sarne. Could the 
mountain's gravitational attraction he affecting his measurements? 
Maskelync figm*e(l carefully and was ahle to show that the nuiss of the 
moimtain did indexed exert a »iravitational force. 




Some yt^ars hiler. aroimd 1800, Henry Cavendish of F]nf!;land was al)le 
to measure the effrct of «j;ravitatr()n hetvveen bodies of ordinary size. He 
madt^ e(|uipin*^nt in his laboratory, worked very carefully, and made 
precise nu^asurernents. 
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To help you uiulerst and [low Cavenclisfi loiind a way to measure the 
effect of gravitation, work this thought experiment. Spheres of equal 
mass are mounted at each end of a rod. The rod is adjusted so that it is 
perfe^nly level. 




Now without changing anything else, place a large massive sphere under 
one end of the rod as in Figure 1. After a time, what happens to the 
rod? Will it remain level? Why? What is missing in Figure 2^ What will 
happen to the rod in Figure 3? 




Fig. 3 



Here is gravitation at work helore your eyes. But this experiment is 
very diflicult to |)erform heeause the for(!e of attraction hetween the 
various spheres is extrenudy small. For example, take a |)air of golf halls 
and i^ut ihem two feet ajjart in space, motionless. The force of attraction 
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would be so weak that it would lake theiti two full days to come together. 
And if you eoidd f)ut two huge aircraft carriers in space a woHd apart — 
8000 miles from each other— it would lake alxail 100,000 years for 
ihem to collide. 




OUTWARD 

You have seen liow Isaac Newloti, with help from Galileo Galilei before 
hiiu, found some general rules about motions and forces of all kinds. If 
no net force is exerted on an object it continues to move in a straight 
line. If there is some net force exerted on an objec^l its velocity changes; 
it accelerates. If you push a wagon eastward witli a certain strength, how 
does the wagon push you? 

You have also learned how the force of gravitation works — how it i*ules 
the motions of an apple or the moon, and how it rules the motions of the 
planets around tlie sun. 

Newton looked elsewhere in the universe as it was known in his day. 
The satellites of Jupiter discovered by Galileo were continuing in their 
orderly orbits around that planet. And in Newton's lifetime five satel- 
lites luul been discovered moving a»ouud Saturn. All these celestial bod- 
ies were moving as they should, responding to the force of gravitation. 
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The final leap llml Newton made was to gueso lluil lb*, fort e of gravi- 
tation works wherever there are rn^ierial objects. Every niece ivf in Ut^tr 
in the universe — star, son, speck of olust — Uitiacts every other piece 
of matter. 




And so Ne\vt()n\s iniiversal law of gravitation was horn. From that day 
until this, scientists have known how gravitation works. They can make 
predictions where Mercury will be twenty days from now, or tell just 
where the moon was 487,329 years ago today. Newton's theory tells us 
very precisely how gravitation works. And so it is cinious to some that 
even today we do not really know what causes a gravitational attraction 
])etween o])jects. We know what an apple is; we know what a moon is; 
hut nobody knows wlu'* gravitation truly is. 
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CHAPTER 8 

Orbits Near tlie Earth 



IN CLASS AND INTO SPACE 



a riihhcr hall al (lilTcrcnl speeds acioss a lahle. Ohserve the 
path ol the hall as it ^ocs over ilic cd^c. 

I. Slarl wilh zero hori/oiilal speed hy simply lellin^ (he hall droj) 
o(i' ihe ed^e of die lahle. Whal kind of padi does ihe hall lake? 




tioll die hall liDii/onlally al shiw speed. The hall crosses die 
lahle, hill al llie iiislaiil il is lamudied oil die lop, il aeecderales 
loward ihe earth. Il moves liori/oiilally a lillle way and al die 
same lime curves downward, rollowin»; a |)alh dial is |)arl ol* an 
(dlipse. When die hall is lannclicd liori/onlally, \\\r hunicliin^ 
poinl is die larlhesl dislanee of die hall (Voiii ihe eenler ofllie 
I'arlh. The hi^li poinl is called ihc upo^cc (Al*-eh-jce) ol die oH)il. 



1 




\\, Holl the hall hori/onlally al lii^h speed. The |)alh aller laiineli 
is pari ol a hi^^cr (dlipse. The hall Hies larllier helore striking 
die lloor. Again die launching poinl is die apogc^e ol* ihe orhit. 




Docs ihe hall moV(^ loo (|uiekly lor yon lo walcli ils |)alhy Yon will have 
more lime lo sindv ihc inolions in the uexl aclivilv. 
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Ta[)r liu'f^r [)ie(;cs of hiack conslriKrlioii |)ap(M' lo a lahU? lof). Raise 
one (Mid ol (lie (able al)()Ul four iiu'lies. MonnI a grooved ruler near 
llie liigli(M' end of (lie lal)le as shown. Till (lie ruler lo forni a rani|). 
K(*e[) (lie ruler fixed in [)osilion uilli sniall lum|)s of (day. 




Hoi I a inarl)l(» or sleel l)all in some laleum powder. I^laee (he 
dusted niarhle ahout 2 inelies from llie l)olloni of llu* rariif). Lei the 
niarhle roll. WIkmi tlie niarhle U*aves ihe (Mid ol llic* ramp il should 
he trav(ding al a slow s[)eed. 

As llie niarhle rolls across llie [)a[)er il leav(^s a curved Iraek. 
N()lic(* sha[)e of llie Iraek. 

Nexl [)lace llu* niarhle liiti;lier on llie rani[) so llial il rolls off the 
rulcM* willi a t!;realer s[)eed llian h(»for(\ Re[)eal lliis aclivily a 
nunilxM' of limes. Launch tlie inarhle with differeni speeds and 
coni[)ar(* llie Iracks. Ih)W does llie launching sfjce^l seem lo aff(H.'l 
tin* j)alh (»r llu* nuuhle? 




Now iniagiiu' you have a sliiigshol (hat lels you sliool pc^hhles at any 
speed you waul. Go to tlu» top of a very high tower so that huihhugs and 
(»V(»ii inouiitaius won't he in tlie way. Shoot the pehhh'S faslcM' and 
lasl(»r SO lh(»y jj;o farther and farthcM* hc^fon* hitting tlu* ground 




Imagint* a hiunehing speed of 5 nii/see. ICaeh second the pehhles 
move horizontally live mih»s. At tlu* sanu? time it also is falling toward 
the earth in a curved path, accelerated hy the force of gravity. But mile 
alter mile tlu* earth's surface* also ciU'ves, so pehhh* n(»V(»r gets any 
closer to lli(» ground. Do away with air resistance* and the* pehhie goes 
around and round the earth in a circular orhit. At 5 mi/sec it cnrcum- 
uavigales the gloix* in a near-p(*rfect eirch* every 84 minutes. 




in this way satellil(*s an* huuieh(Ml inio orhit around tlic (*arth. Rockets 
a(*(!elerat(* tin* satellite* to a velocity of at least 5 mi/sec in a horizontal 
(lir(*ction. Whcii the satellitt* is s|)nuig loose*, it (*()ntinu(*s to move 
around the earth withoirl nc(*(l for fuel. It oh(*ys lh(* same rul(*s lh<' 
moon does. 
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Next, imagine laiuicliiiig a [)ehble with a greater horizontal velocity. 
At 6 mi/see it moves along a larger orbit. The patli is again an ellipse, 
hut this time the pebhie's closest point to the earth — the perigee 
(PAlR-eh-jee) — is at ihc slingshot. 




Is it possible to shoot or launeh something at such a fast speed that it 
will nt^ver conu* Inxck to the tunth? Shoot the slingshot horizontally at 
7 mi/s(^e. Tht^ pebble (^scapes the (unth forever. No matter how faraway 
tlu^ pt^bbh^ travels the ciwiU eontinut's to pull back on it. But the earth's 
gravilatii)ual forct» cannot slow it down enough lo make it return. 



7mi /sec 

/ 
/ 

/ 
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Wliefi llie pel)l)le is s(»veral limes as far away as llie tnoon, llie rnoro 
massive sim will lake ^ravilaliorial conlrol of il. The pehble will go irilo 
an orhil arouati llie sun in ihe same way llml a number of spacecrafl 
have l)een launcliecl inlo solar orhil. Tlie |)(»l)l)le will l)eeorne a liny new 
platiel in ihe solar syslem. 

Imatjine one lasl shol — al 1 ()()() mi/sec. This lime llie |)el)l)le leaves llie 
neiglihorhood of ihe earlh very i|uiekly. 1 1 has sueh greal speed lhal nol 
t*ven ihe sun's «iravilalional foree ean hold il iri ihe solar syslem. In a 
lew weeks il riioves oul beyond llie orl)il of Plulo. The pebl)le slows down 
a l)il and curves sliglilly l)eeause of llie back pull of ihe sun, ihe earlh, 
and ihe olher plariels. Bui nol unudi. Il has a one-way lickel oulward. 
Afler ihousands of years you will find il oul amorij^ ihe slars, movinfi; in a 
slraighl line al corislaril speed away frorii ihe solar syslem. 

AT THE CENTER OF THE EARTH 

ima«i;ine IxMng in a spherical hole al ihe very ctMiU»r of ihe earlh. No 
longer are you a I ibt? surface where ihe aceel era lion of gravily is li2 
ll/sec each second. Nor are you Iwice as far from ihe cenler, where llu; 
gravilalional acceleralion is ordy one-fourlh as much. Do you ihirik ihe 
lorc(* of ihe earlh's gravilalion would be very slrong al ihe cenler of ihe 
earlh? How would you begin lo move? Puzzle il oul. 




HOLES AT THE POLES 

Now ihink aboul a very umisual kind oforbil. Imagine lhal you can dig 
a hole slraighl down inlo ihe earlh from ihe Norlh Pole ihrough die 
cenler and on lo [\\v Soulb l^ole. Forgel aboul cave-ins and ihe rushing 
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of air into the liolo. liMa«j;iiie you Hiinj)!)' have a straight tunnel ^oing 
pole to [)ole without any air in it. 




Step into the hole at the North Pole. Can you guess what will happen to 
you? What is your aecelerntion at the start? Later on you have left some 
of the mass of the earth hehind you. It is |)ulliM'j; backward on you, 
o|)posiMt^ the forward |)ull of the matter ahead of you. 




When you reaeh the center, everything is in balance and there is no 
net force acting on you. But you are moving veiy fast, so you overshoot 
and continue on toward the South Pole. 

Then ynu are gradually slowed down b(?cause there is increasingly 
more of the eartlTs itiass hehind you. Finally you come to a halt at the 
South Pole. Hut if there is nothing to hook on to, it will be goodbye 
again. You will move back to the North Pole, then to the South Pole 
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a{i5ain, and so on — foiwrr. Your roimd-lrip orbital ptM'iod would 
souwwUvvv belwiHMi 60 aiul 84 luiiuiles. SciiMilisls canuot say precisely 
hecansi* llu» exact arraugeiiu^ut of rocks aud iron in th(* c^artli's iutcM'ior 
is not yet known. 

To help you iniajjjine what would happen with a hole conneclin*^ the 
poles, try this activity. 

Tie ruhher hands end to end until yon have a strinj!; of ruhher 
hands ahont 8 leet lon^. KastcMi an old llashli»^ht hatttM-y or a <j;rou|) 
of washers at th(» center of the striii*^. With a classmate, hold each 
cud of the rid)lKM'd)and striii*^ so that it is shjihtly stretcdicd. Have 
someone else raise the weight straight up as high as your lu^ads and 
tluMi let it go. Watch the Uiotioti of the weight. 




Itepeat this activity s(»veral tiiues. Keej) the weight luoving up and 
down. 

Where is the nc^t h>rc(^ t^xcrt(Ml hy th(^ ruhher hand on the weight {\w 
gri^atcstV Where is it the least? In what way is this activity similar to 
the motion you imagined while falling froui pole to pole? I low is the 
motion dilTerent? 

AFLOAT IN SPACE 

Aboard a capsule orbiting the earth or a spacecraft cruising to Mars, 
you and every other unattached object inside tin* craft float freely. 
Krom the law of gravitation you know that the ship around you exerts 
M)me mM gravitational force on you. liut it is very snuill indeed and has 
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practically no effect. Your spacecraft is moving along, responding to the 
combined gravitational force of all other objects in the universe. Its 
orbit is a result of all the gravitational forces of sun, earth. Mars, moon, 
and any other large nearby celestial masses. 




You are within the spacecraft, in the same position in space. The 
gravitational forces that accelerate the spacecraft accelerate you, too, 
in exactly the same way. At any instant your velocity is the same as that 
of your spacecraft. If it weren't, you would very soon crash into a wall of 
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the ship. Bui you dou'l hecaust* you mow precisely llu^saiiie orMl as 
the spaeeerall surroniuhiig you. 

Think ahoul being in an eh^valor in a tall U'liMiiig. The cahic i^)n\\i>. \ou 
and the elevator are aeeeleraled by gra\'ity in lii(»sain(» way. So you float 
(reely in llu» (d(»\alor while it plunges toward the ground, lint watch out 
for the hig hump. 




Wlieii you plaee two ohpn ts in the same rrec^-lall orhit near lli(» earth, 
you can observe what happens to eaeh of the obje(.'ts. 

Ou the side of an tMiipty milk carton, near the bottom, punch a 
small hole with a pencil point. (]limb to a high place. Cover the 
hoh* with a lingcM* and fill iUv carton with water. What will happen 
wheii you uncover th(^ hole? Try it. ()bs(M ve th(* stream of water. 

Cover the hob* again and refdl the carton. Hold the carton out so it 
will fall to the ground without hitting anything on the way down. 
Uncover the boh* at tlie same instant you release the (carton. What 
happens to tlu^ watcM* in tlu^ carton? 
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Try a»iaiii with aiit»thrr cartmK Hiil this linic lei llir water (low out 
nl ihe hole for a second or lun heiore lei the eai h>n (Iroj). Then 
l«-l It p). What happen^ to ihe stream ol" ualer wlien ihe eartnn 
he«;ins to iall? 

I low does ihe (»rhil of y^. water dmplel iiisirh- (lie earlon resenihle the 
orhit of the fallin*; eartnn^ (Ian uki explain i\hy? 



WEIGHT-HERE AND NEARBY 

\ou know the aeceleralion or«;ra\il> is the same lor an e|e|)hant as for a 
needle, hul one has ahoul tw(» million tiint-r Ihe nniss of ihe other. On 
which is more force ex-ried? Which wei«;hs wnvvf U yon y)Ht them at 
opposite ends of a seesaw, yon know what wid l}a|)pen. And yon also 
know why. The //c/>/// of any ohjv'et on earth ir^ the strencrtli of the 
«;ravitationa! force e\et!ed l)y the eaith on the ohjeet. So Ion;- as ele- 
|)hant and needle stay ai or near th^ earllfs r^urlacv, die wei»;Iit of the 
e!(^pha!it is far «;reatcr than the weij:ht of the rieedle. The weit^hl of a pig 
is more than that of a li*.'. On the surhM-e of the earth, wei«^Jit is directly 
related to mass. 



\ 





W hat happens to the wei«iht of an ohjeet when it is not at the eartirs 
snrlacey (;o first to die cent<T of the earth, ^'onr nniss is nnchan«ied 
whether yon arc in the classroom or at the center (»f tin* <*arth. But at the 
cerner of the earth \(>nr weit^dit is /.<'n). W'iiy? 

Snppose yon were UKK) miles ahove the eartlfs surface. At that dis- 
tam*c \on arc twice as far from the earth's center as von are on the 
surface. Von know that th(» force of «;ravitation is related inversely to 
the s(inare of the distance. At that distance you would weigh one-fourth 
your wight on the surface. Figure out vonr weight at an altitude of 
lOOO miles. 
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You know llial the mass of any oKjcct rciiuiiiis (MUistiinl >o lon^ as 
iiolliiii': is rniHivrd nr adilctl. Hut now ynii liavr loiind lhal wrifiilil is ijol 
(•(nislaiil. \\ ri«;lil drprnds nn llio slrrji»rili llw »;ravilalional lorrc 
pulling you. 




Tv\ those |)rol>l(Mas to liolp you uiidorsland the difloronoo iK^lwcrn 
mass and wci«ilil. 

1. Suppose a cork hall has a mass of 1 <^ranis. Homo haso lor the 
hall is Kansas City. Tlion it is movod to Tokyo, Japan. Next it is 
■lOOO miles ahove Valparaiso, Chile. Finally it is at the (\.Mter 
of the earth. Does the mass ol' the eork hall (dian^e? Wi:;..hl ils 
wfi«iht he the sann* in each location? lixplain why. 

2. The hall is uiovcmI to the center of the earth and cut into two 
(Mpial parts. How does the coml)ined mass ol these two parts 
compare with the mass of tht^ hall when it was in Kansas (lily? 
How does the total w('i»j;ht of tlu^ two parts compare with the 
wci'iht ol the ori^uiiMl hall? 

.S. Consider onediall ol the original hall. Com[>ared to the whoh* 
hall, what is its mass 8()()() miles I'roin the center of the earth? 
What is its \vei»i;ht? \loV(^ this pait ol tlu^ hall still farther froiii 
earth. What happens to its rnass? What happens to its weijihl? 

WEIGHT-FAR OUT 

Now imagine thai \(>*i are takin*,' a veiy loii*^ trip out into space. !Su|)pose 
you call your weight 100 units when you're at the surface ol the earth. 



83 



I low many units Wduld ynu \v(M«:h at dillcnMit disUnu^rs IVoni the eartli's 
ct^ntcry Mak(» up a tahic* lik(» lli(.M)n(* l>elo\v tin a separate slu^rt offuiix:*!'. 
Kill in llu» blank spaces in ynur tal>lt\ 



Distance from Center 
(miles) 


Earth Radii 


Weight 
(units) 


4000 


1 


100 


8000 ' 


2 




20.000 






200.000 




1 


400.000 : 







Thnni^hont the trip your mass rcMnains tli<- sam(\ hut yuur entries in the 
tahl(» sn^^(\'^l that your weight heeomes (»\tr(Mii(»ly small il' vuu ^u vei'v 
far \vniu {\w (»ar(h. 

\e\K lak(» anothcM' \rr\ lon^ erai.se into space. But this time s(»t vuur 
e()urs(» so you an* always located on tin* lint* helwcMMi the earth and the 
moon. As yon move* away from the (»arth, tlu^ moon is alwavs in the diree- 
lion in which yon arc* h(»a(lin^. 

At some* point in > (»ur joiu'iK^y, as tin* moon ^rows larger and lar'^er in 
the dark sky, its pull on y(iU heeomes just as strong as the backward 
pull on !h(» distant (»arth. The ^gravitational forces are lndauc(\s (he net 
lorc(» on you is /ei'o. ^'om- wcM'^ht. arisint^ from th(^ (-(anhined |)ulls of 
(\irth and moon, is y.rvi\ At this point in spaec^ vou ai'e W(»i^htless. 



net force zero 



I'ace hack toward the (\nlh and su(m»/(\ l^'or a st^'ond or two yon are a 
W(»ak rocket. The force* from your hlast starts you lallin*; toward the 
moon. Now the n) '-ifs |)ull on you •iicls strou'!;(*r llian the hack pull of 
the distant earth. You acc(*l(M*at(». Vou move faster and fastcM* and 
luuiil\ hit the moon at lii^iili speed. 
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Pick yonrst^ll np. hriisli oil inooiuliisL i\\u\ throw ii rock ii|)NViinl. It 
f;ot»s siirpii-io^ly hif^li and llicn slovvl\ falls hack hi the •ground. W'liyy 
^ olI IccI (lincicnl. W hy? 

On llic ^ur^act» oT tin* moon yon'rc in a rcf^ion vvluMt* llu» i^iniirs f^ravi- 
latioiuil pull on yon is so snuill thai yon can lnrf;cl ahont tlu* carllTs 
cHccI on \on. In comparison, the mooif-i |)nll on yon is hundreds ol* 
limes slronj^tM' Ix^cansc yon arc s(> close to ihc cenlcr of the niotju. 



WEIGHT--ON THE MOON 

Fi«;ure out Ifow nnieli you \vei»ih on the moon. Kur^^et ahont the jjull of 
tiif earth 2 10,000 miles away. Assume you are wearinjj; the same (dothes 
yoi luiv(* now so that yoiir muss rtMuains the same. You know, ol 
roi.rsc, thai you would iietMl a spaci* suit for hreathin*^ and pn»teclion. 
Hut ior^i'i tho>e rnatlers, loo, aixl ennsi(l(M' your mass is tlu» sanu* on llu* 
mot n as it is ht*!(» ctx (»urdi. 




\v(Mj.r!i! at th(» surface of any celesliul hody is the strength ol ihe 
f^raviCjtional forrc^ evtMleil l)y that Ixxly on you. (Compare 'die strenj^th 
of H','." '-/laart's pull vnIumi yoo, iue there \s\{\\ the carlli\s pull when you are 
/fc r^ . "'l Our mass is tlu^ same in hotli |)iiU'es- so that's no problem. But 
wiivMi von staiul on the moon, you are pulled dowinvard hy a Ixuly that is 
w\\ ahoul ()n(*-(Miihtietli as massive as tin* (Mrth. So on that count your 
v\eit»ht should !)e ordv one-eiiilitieth ol' its value \wrr on earth. 



85 



Mill r(»mtMnlM»r thai ihr disUim'c IVoni iIk* r(Milrr of an iillracliii^ liody 
aU<i (i;zinvs in tlir law of ^ravilalion. The nuhiis di* ihr iiiooii is only 
ahout (HK^-lomlh that of the rartlu In oth('r words, yon iwv l\n\v lina-s 
closer to tin* cenhM' of attraction. And from the invcrs<» s(|nin(» law yon 
sli(»uld (ind that thr force of latniclitui is \(> linics stron»;cr on lh<» natiars 
snrfa<'c. 



Takiii*' hoth cfiVcts into acconnt — mass and distance — yon iind vonr 
weight is ahoiil one-fifth of lis valnc here on earth. With wmwv acenrale 
li»;nrcs, the vahn' wonid conic closer t(» one-sixth. 




On a small asteroid yonr weight wonid he even less: yon wonid havf> 
no tronhh* throwiiv^ a hall into an esca|)c (»rhit. Von (M)nhl hnnich th(> 
hall into an i)ri)it aninnd the snn. On an even smaller asteroid —ahonl 
oin» mile in dianieler— yon eonid innif) off into orhit vourself. 
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CHAPTER 9 



To the Planets 



Our eiinh moves around the sun once eacli year i\{ an avera»i;e dislance 
of 93 tiiillion nules, lis a\eratj;e speed in orhil is 66,000 ini/hr. A{ 
perihvlion (pair-eli-HEE-lce-iin), when ihe earlli is closest to ihe sun, it is 
niovinj^ laslesl — alxiia 1100 ini/hr faster than average. Al aphelion 
U'li-FEE-leeMin) half a year hiler it is iiioviuji; sh)\vest— 1100 mi/hr less 
than average. Through half the year it slowly increases in speed as it 
approaches perihelion. Then, for the next six months, the earth de- 
creases in speed as it moves toward aphelion. The earth orbits in this 
nuinner century after century, respondiiig to the force of gravitation. 

The motions of the other eight planets are abo controlled by the sun's 
gravitational attraction. Their orbits re^jMnble ihe earth's orbit in some 
ways. All are nearly circular ellipses, with rii'- I ilie orbits lying in a 
flat, thin disk. A good model of the ic^' thrt igh which the planets 
roam is the shape of a phonograph re( ouJ. The . nly exception is Pluto, 
the outermost planet. Its od)it is r iht niv>!e\l. la fad, when Pluto 
passes its perihelion ever)' 248 yeui is closer to the sun than 
Neptmie eve. \- tlie two do not collide because Pluto's orbit is 

tipped out of f <t; uisi: which the other planets move. 




The angle betw>'M the plane of its orbit and that of the earth's orbit is 
17°. Furthermore, the path of Pluto is nowhere closer than 200 million 
miles to the orbit of Neptune. 

The tabk on page 88 gives you some information about the orbits of the 
nine principal planets. 
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TABLE OF PLANETARY ORBITS 



Planet 


Average Distance 
from Sun 
(miles ) 


Orbital Period 


Average Speed 
in Orbit 

t'm 1 / c a r» 1 
( f f 1 1 f oU\^/ 


Mercury 


36,000,000 


88.0 days 


29.7 


Venus 


67,200,000 


225 days 


21.7 


Earth 


92.900,000 


365 days 


18.5 


Mars 


142,000,000 


687 days 


15.0 


Jupiter 


483.000.000 


11,9 years 


8.1 


Saturn 


886,000,000 


29.,, years 


6.6 


Uranus 


1.780,000,000 


84.0 years 


4.2 


Neptune 


2.790.000,000 


165 years 


3.4 


Pluto 


3.670,000,000 


248 years 


2.9 



WITHOUT GRAVITATION 

Gravilalion hinds the solar system lot^elher. What would happen wilhoul 
ilV Suppose thai we could turn off gravilalion. Nohody can do il, hul 
y«Hi can imagine some of iUv ihings thai would happen if we could. 




The inslanl Ix^lore we decide lo lurn off gravilalion, a snapshot ol ihe 
solar syslem would show ihe hrighl (tenlral sun and each of the nine 
plaiH^ts al some poinl in its ()r[)il. Each moon would Im* al some poinl in 
its own Iraek arnund ils pan^iil |)laneL And ihere would he olher lesser 
hodies loo — asleroids, coniels, and so on. 

Now lliek the swileh. No longer do ihe hodies of the solar sysltMii exert 
any forceps on each olher. Whal kind of palh does each |)lanel lake? Why? 
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Wliirli plinirl iMuNrh (iNViiy InsirslV Wliicli sIonvcsIV Alhi* <T(iliiri<'s 
l>y. Nvliii*!) is ilir ('ln.s('sl pliiiirt lo tile snnV Is ri\\'\\\ still tlx* (liird 
plniirt (Mil Iroin tin* siiny W ork il (Mil I<h- youi'sdl niid \\\r\\ lalk it ovcm' 
willi yniir rlassiniil(»s, 

li} ihr schoolyard, itiakr a walkiuf; inodi^l of di(*s<' planetary aio- 
lions. Konn a \i,vo\\\) of I'oio'. Oiio |kmsoii slaiuls still in tlu* ('(Milcr of 
diin^s; he is the sun» (Iloscsl to tli(* sun is Moroury* Mo orliils ai a 
very laisk pacr. Then ooiuos Wuiis, who walks a l)il iuor(» slowly. 
I'^inally, (*arth ino\(»s ovrn inorr slowly, third IVoni the sun. 

(ira\itation is oo. Put tlit* niodol m motion so iho plan(*ts aro 
moving alonj; in ihrir orhils. On si»;naL turn gravitation olT. I'^acdi 
piaii(*t conlinoos inovin*; at his own vclocils. In what diroction doos 
i*i\v\\ ^o? 




AftiM' ahoiit IS scH'onds, stop all motion. Notice the positions of the 
participants. Is Mccreary still (dosesl U) the sun? Is earth still 
farther from tin* smi than Venus is? 



PLANETARY MASSES 

Tyeho Hralu^ (TI K-koeHKAH ) made accurate nu^asnrcMiKMits of the* clian^- 
iuj; positions of die plaiu^s. Johannes K(»pl(M* us(mI Tycho's (hita to 
discoviM- some riihvs al)oiit planetary motions aroinid the smi. And w ith a 
new inv(Mitio!K tin* tehvscope. astronomers could l)e*iin to measm'(* tlu* 
shapc^s and si/cs of various planets. Now, with Ncnvton's universal law of 
<^rav itation, it was |»ossil)le to h^arn the* niass(»s of some of tlu* pianists. 
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Imm' an (vsaiu|)l(», ihiiik uImmiI iIk* bij^f^c^Hl Haldlih^ in our Hnhir synUMn--- 
(iiinynuMlcs li lrav(»ls inoimd Jiipih^r in a ncmly (Mrruhn' |)alh v\r\'\ 
(lavH Hi a dislancr nl' ()7(M)()() niilc^s, Ojuiymrdc* lakes h\ss In 
Hwin^ iirnnnd Jupiu^Mhan lln» ninon dncs tn s\\ in^i; arnnnd llu' rinih, And 
yon know why; Jnpilrr is far luorr massive* llian 



O 



6/l),000 miles 



orbital period 7.2 tiav^^ 

IniMf^int' tlial can cluni^t' the niass orju|)il('r. I'nr a |)arli(Milar mass, 
lilt' lahic l)('l()w shows llic orMlal ptM'iod of (ianyint'dc if it moved in a 
circular ()rl)il, always 07(),()()() uiilcs from Jiipilcr's center. 



Mass of Jupiter 
same as now 
4 times now 
9 times now 
16 times now 
V4 times now 
zero 



Orbital Period 
of Ganymede 

7.2 days 
3.6 days 
2.4 days 
1.8 days 
14.4 days 



Why is no orbital period entered for nuiss zero? What would happen to 
(Janyniede il' the mass of Jupiter suddenly hccanie zero — a lui^e hall 
ol nothinj^V 

Im-oiu Kepl(M*'s third law tin* ()rl)ital period ol' any planet (le|)ends on its 
avei'aj^e distance from tlu* sun. Aeeordin*^ to Kepler's law, the s(|uare ^f 
ih- orhital ptM'iod depends on the cul)e of the avera<^e distance. In you;- 
(vsauiple of Ganymede, the average distiuu^e is always the same, 670,000 
miles. So from Kepler's law, the orhital period should also remain the 
same. But you found in the table that the orhital period would not always 
he the same. II' it were [)()ssihle to change the mass of Jupiter, the orhital 
periods would be differeiU. 



P == Period D = Distance 

p2 ^f)3 
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dorsiTl rspliiin Ihr Nvlioir fsloi'V ll din'sn'l liikc into iirroMiU lluil 
lUiiss (ll i) rrlrsiiiil hir-t >i(iin(*lhinf!; In do wilh oihiliil motion. 

I'^i'OM) tlir luw of f'tih itnliui) mmi rtMniMulMM' lliiil iIk* iuoiv niiihsiNr (lir 
plidirl, llu' ^^ivaliM acrclrialioi) nl ils ludim, Sn il hcciiiH imtI'im-iIn 
riNisoiuihIo 1(1 (»\|i(M'l ji sal(»llil(» \o (irhil n \(M\ lHMs^^i\(' pluiul rapidly 
ami lo orhil a less massive phmcl iiKirc sInwK, 

N('\Nl(Ui NN(irk(Ml liai'd to find on! csactly li(»\v lla^ masses arc rclalcd to 
iho orliital periods. I-Vom Koph^'s law and liis own law of jj^ravi- 
tati«Hi, \cwton dis('o\orc(l a way In lind dio aiass of a pair ol ('(^Icstial 
nhjoct^ when two hits of inrorinaliou are known. Measnif the orhital 
period ol' a ^indlito aronnd lis parent planet, Measnr(* die aN(*ra<;t* 
distance heiween the two hodies. With (his ini'(irniati(n) tin* ('ond)ine(l 
mass (ll planet phis salellile can he ealcnlaled nsin*; Newton's fornuda: 

i^h -\- i\h ~ j^-^ 



(iaienlale the eomhined mass ol' tin* hdlowinti; planet-mooa pairs. 
Use Newton's lortnnia and lollow the example* sliowiJ Icn^ pair /K 



Pair D P 




■ ^ ■ — ' ~ — ■ 

4x4x4 

A 4 2 — ; — 

2x2 


16 


B 2 2 




C 5 5 


^ 2.1; 



W hieh ol the lonr pairs do yon I'nid lo W most massive*? 



Perhaps vour answer is ?iol snrprisin*;. Kven |hon»j;h tin* salellile* 
and planet ol dns pair are ralliei" far apart, llie lartj;e mass makes for 
a siron*!; »!;ra\ ilaliooal atlraelion. And so ihc* saUdlile is whipp(*(l 
aronnd in its orhi» in a relaliv(*ly shori time. 

Kor mosl pairs orhilin^ in tht* solar system— moon anmnd planet or 
planet aronnd son — ihe mass ol |h(» less(*r hody is (*xlr(*m(dy small 
eompar(*(l vvilh thai <J lh(* more* massive one. So \v|i(*n yon (lel(*rmin(* Ihe 
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I'umhiinMl iiiiiss ol \\\r \\\\\ ciMUr vrr\ cld.^r |o I'mdiiif^ (lie maMM n| 
iIh' \)\y,y.\'\- nil hs il^pH, Alin iilL an iininmuliilr wiih a irmiis liall 
^iltiiiH <Hi iIh' '^cai lia*^ jihl ahuiil (hp haiiic ina^.^ ii^ (In iiulminiliili' 
NsillnMil a h'lmis hall In ii H ihc nuish ol' cm pliih hall i- -'0 -(> poun^lH, 
Null ilnii'l niMMl to tlrlrrniinr (he nuihs nl thr hall litnl iha) ilh- mahh iil 
llin rar l)> ilhcll is rinnc h) pninals, 

Maia on < ianN hUMlc' ^ nihil ti*|| \\s tlnn llMMMinilmuMl nia^s < I' JnpinM" |»hi^^ 
(iansnirilr \>y l\ t I linu-s (hiH o| railh pln^ niooii, So (he nia.ss ol" jiiinhM' 
is aUo ahont Mi l imiiIi ina^^^rs, 

I \r\'r aiv (ho (liaiurii'i , .owl masses of (lu> ninr plaiicls in miils ol' lli(> 
diainrlri' and mass ol llto caiili. 



PliUiat 


Diamotor 


Muss 


Morcury 


0.30 


0.05 


Venus 


0.97 


0.81 


Earth 


1.00 


1,00 


Mars 


0.53 


0.11 


Jupiter 


11.2 


318.00 


Saturn 


9.5 


95.00 


Uranus 


3.8 


15.00 


Neptune 


3.5 


17.00 


Pluto 


0.45? 


? 



SUkK the lahl(' ol llic masse- nl planets. I\itrhl away you piohahlv 
roali/e that Newloii conhhTt pnssihl\ lia\(* used his lornuila to find the 
nia.ss ol every planet. 

I'^or one thini^, some planets lunc no sale at all .so Newton's 

nuMluids eoohhrt lie used, \Vmis, lor example, (ahits alone in space 
under the ^ra\ italional eontn)l ol the sun. Mut when, after Newt(»n, 
aslroni>m(M"s ol)ser\-ed the motions of planets near Venus, thev notiet^l 




\ 

\ 

\ 
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ilio liny rlTrrlM imnliirt^jl l)\ llir fJiraviUlliuiiiil lon'r nf VVlulri, Thr 
noif^lilMM'iufi, plnnris wnr piillrd slifi;lnly oil llnMr coiirHrh aroimd ilio 
HUM, H> iiWMihmiMi^ Ihrsp .small fj,niviUilinnal i( nvhn possiMt^ i<i 

inakr ii liiir Phliiniilr nl llir inihs ol \ imiiih. 

In irrrMi years, scvrral sparrrrall liav»' lirni phuMMl in miImIi ihai 
i'airirJ iIumii wis rlusr to Wans, I'Voia |M'r<'isr au'iisiMvincMls al llia 
Uarks of llirha sparrcrall as lln'\ pa^^sr^l lla« plniuM Nvr wow liava a imirli 
mora raliahia nn'asai<' ol \ nias' mass. 

Tlirrr was anullirr irasaii, hawrvar, why Nrwian caahl anl aalnilala llir 
masses al all llia planrls, (ian yaa fiiiiiass wluV 



DISCOVERY OF THE OUTERMOST PLANETS 

Tlia iiii^lit al Marrli 1 7H L aiarkcd th(* l)a^imiia«^ oi (mic al' (lie masl 
t'ascinalia«; slorias al' aslroaaniy. William llarsahal (IIKH-sluill),a Hrilish 
aslroiuancM*, was ahsarviai;; ihr slariy sky wilh liis scvcii-inch rcllccliaj^ 
Irlcscopa. Mvarylliin^ sacaHMl la he as usual. Coaallass liny imaj^cs of 
stars ijlidad lliruu^li lha liald ol' view as llcMschal slowly larncd {\\v 
lalas('(>pa. Suddenly \\v slapped. A slranj^e ahjeel had enlered ihe (ield, 
one that he had not noticed helore. It eould not he a star, for it was not a 
point of li>^ht. It was shaped like a tiny disk. Ilersehel thou>{ht he had 
diseovercMl a eoniet. 



O 





March, 1781 



April, 1781 



May, 1781 



l^ul he was mistaken. The greenish disk-like olijeet whieli moved from 
nijxht to ni-j^hl a»;ainsl the stellar haeki^roand turned out to he soniediia^ 
much hi^Uf»<*r. li was p!jn(*t — tia* lirst jdanf^t diseoV(M*(Ml sinee ancient 
limes. Ih'rschel had added a new mcMalxM- la the family of planets 
already known to ancient astrom)mers. 
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llfiliHli sciiMiliMls Nv(Mv (Irli^hhMl willi Ihr (|i,uo,. t\. And kiiif^ 
f^iaiihd I Icisclicl un iiicuiiic sn lit* (MHtId coiiliinir his ashonoinicul 
irhraivli, I liMscliel was \vi\ f^niUHiil and |daimrd |i> call iirw ))lai)ct 
iirt)i>;iiiiii Sidiis, iil'icr llii» \u\\\u\ Hut \\\r \)\n\\v\ lalcr Immnuih* 

kiiDNvii as I )raiii)s. 

Tlu' dihn)\ri\ nf Ifniims liin)(*d out tu l>i» llu* lirsi iU'l uf jin (^xcitiuf^ 
ilrania that d('\rh)|MMl iu ihr lohoNvini^ (hM'ad(»s, Nrwtun's hiw urf!,riivi- 
tation was to ha\r its uiosl lest. 

Tla* liist test <'auir altri' astronunins had u^jmI th(» ol NcnvIuu and 
Ki'ph'i- to calcnlal*' the orhil of Urauns, Ohsrrvalioiis o\' its chanf^ir' 
pusitinu a^iiiiisi dir similar hacki^iound shuwrd that Uranu.s was uiovif 
just as it sla)uld. All \v<mH wril h>r a liuir, Hut as the \rais \\vu\ \)\ 
Uranus was not (juin* h>ll(>win^ its pirchclcMl |)alh; thon« was no dnuht 
nlnan it. Did tins uican llial the univcisal hiw (if <^iavitali(jn was incui- 
HM'iy Or was the path ol" Uranus ihsUirhcd liy si>Mic stian^^c cUcw't i 
knuwn lo astroiioMUTs? 



Uranus 




In Hiaivard (hoo-VAKD) of France had a hnncli (hat the small dis- 

turHancr ul L'ranns' motion was the r(\sull of the •i;ravitalir)nal |)nll ol an 
umliseo\ ered planet in the nei|^:hhorhoo(l ol" Uraiuis. A lew veais later 
Adams in Mnnrland and Leverrier deh-VAIH-ee-ay) in Kranec* woikcMi on 
this proMcMM independently. They assumed that the dislurhanee in 
Lranns' orhit was caused hy the triavitalional pull ol* the unknown 
planet. Kach spciM several years calcidalin^ the exact position of this 
planet and the mass it must lunc in ordcM' to i)ull Uranus off course by 
the ohs(M\(Ml amount. 

At first, all aUempts to (h^tcM-t the sus|K*et(Ml trouhlemaker were un- 
sncc(\ssrnl. Hail in 1816, after I'ceeivinfi; a letter IVom Ueverrier, the 
(German aslionomci' (iaile (C;AII-leh) studied the skies looking for the 
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pr(Mli(*i(M| phinri, hi Irss iluui nn hour of stMUvliiii^ lir hMiiid iIk* phnicl 
in llir (MMishdhilion nl' Ainiiiriiis U'li^KW MUvrr-iis), nliiiosl v\{\v\\\ in 
|M).sjlinii lurdii'lrd l)\ LrviMi'irr, Wvw wiis mmoIIkm' mrml)rr oI ihc 




TIk* (liscovci v ol Nc^plunc wns one of llic mosi spcclaciiliir lrium|)lis ni' 
iislroiHiiny in the lUili ccnlin v. Al the same lime II was a hriilianl pvoof 
ol universal law of ^ia\ ilalion. \l lirsl, ncdil for (lis(M)verin^ 

Nepliini^ was t;iv(Mi to LcwcMricr and (iailc. lUil since Adams also pre- 
dicted llu^ (^xist(Mic(^ ol Neptune, lie slianvs the honors. 

Ader Neptnnc^ had Ixmmi discovcM'ed, the orhil of Uranus was eom|nil(Ml 
ail over a»;ain on the hasis oC the ikwv data. Kverythiiig s(»eniecl lo •;o 
smoothly for a while. \U\{ (hen a n(*w pnzzle arose. Kven when the 'gravi- 
tational pull of Neptune was aeeountetl for, Uranus still didn't (juile 
lollow the [)re(lieted [)ath. Wluit was the celestial trouble this time? 

It was PercMval Lowell the loundcM' and (lir(*ctor of iUr Lowell Ohser- 
valory in Kla^stalL Arizona, who predicled the existence of still another 
planet. Hut he died in 1916 without having diseoV(*re(l it in the sky. 
Fourteen years later, C. W. Tomhangh of the Lowell Observatory was 
eoniparin»; two eeh^stial phot()»;ra|jhs that had hccii taken six ni^' ^ 
apart, ilv noticed a faint ima»;e that had changed its position against tic 
stars during this short period. It did not take hm^ to show that the tiny 
dot on the photo«;raphs was the l()n»;-sou^ht planet. It was i:i the con- 
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Merciin' moves rapidly around tlu^ siiii in an orbital path that n\seinhles 
a somewhat ehint^nted ellipse. 01)ser\'ations showed that the orbital 
path slowly turns in space. It rotates at the rate of 16 degrees ever)* ten 
thousand years. 

In 1845, Leverrier was (piiek to explain the reason for this slow turning 
HKition, If the sun alone were pulling on Mereur\', then the prediction of 
Kepler or Newton was that the long axis of Mercury's ellipse would point 
toward a iixed position against the background stars. But the sini is not 
alone. Venus, earth, and other bodies exert gravitational pulls on 
Mercury, too. And as the centuries pass, their effect on Mercury acts to 
make the orbit of Mercury turn slowly in space, Leverrier computed the 
rate at which Mercury's orbit should turn as a result of all these extra, 
weak pulls. The predicted rate was almost enough — hut not quite. 
Mercury's orbit actually turns a bit faster than Leverrier |)re(licte(l. 

To explain the discrepancy, Leverrier suggested the existence of one or 
more unknown planets moving inside Mercury's orbit dormer to the sun. 
His idea seemed to be supported by some early reports that a tiny black 
object had been ol)ser\'ed moving across the face of the sun. If tin* 
reports were true, the black spot could have been such a planet. Some 
astronomers were so convinced a new planet would actually be found 
that the colorful name of Vulcan was assigned to it. But all efforts to find 
the planet failed. The rcascm was simple: Vidcan does not exist. What 
then caused the discrepancy? 




More than 70 years were lo pass before the answer was clear. Tlic 
trouble lies with Newton\s universal law of gravitation itself. Under 
normal conditions, celestial objects obey the law beautifully — just as 
Newton predicted. Eiul for very fast-moving bodies, like innermost 
Mercuiy, the rules need to be changed somewhat. 

The puzzling motion of Mercury's orbit finally was explained by the 
general theory of relativity, which was first given to the world by Albert 
Einstein in 1917. Relativity provides an even more complete theory of 
gravitation than does the work of Newton. Its predictions about motion 
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if* t1-i6 c:sel.6S ti £1.1 objecsts ii not movrin@ very 



test^ JVIex-e^tiiry xnoves around tiHe sun at 
tl-ieory f:>retdic=ts that tHe ellip>tioral orbit of* 
ILG de^r-ees every ten thousand years. >\.nd so 




toiri 1^55> sp»omt fVtanv' yo&rs 

I ll^eory r^lativitv e:>ctencle>cdl 

xfi^farta^tion ot gf^£i.vttation. 



CHAPTER 10 

Out Among the Stars and Galaxies 



A falling apple, the moon, the sun, and the planets all move under the 
control of gravitation. Does gravitation ^vork also out among the stars? 
Newton believed that all objects, large or small, pull on other objects. 
He had a hunch that gravitational forces work throughout the universe. 
Yet more than 100 years were to pass before Newton's hunch was teste<l. 

When Herschel discovered Uranus in 1781, he extended the horizons 
of our knowledge outward to 19 astronomical units from the sun. He also 
spent time studying the bright star Castor (KASS-ter), which appeared as 
two separate stars in his telescope. He observed the star-pair off and on 



^^K^ Castors companion star 




for a nund)er of years. When he pU)ued its track, he found that the 
fainter star had been curving steadily around the brighter one, along an 
ellipse. Here was a distant star-pair obeying Kepler's laws. Gravitation 
was affecting the motions of objects far beyond the bounds of the solar 
system. 

Herschel could only guess at the enormous distances of the stars. But 
we know today that Castor is nearly three million astronomical units or 
about 45 light-years from the sun. So Herschel showed that gravitation 
was at work more than a hundred thousand times as far away as Uranus. 

Many other pairs of stars are known, and for every pair that has been 
observed over a long period of time, the stars are found to be moving 
around each other obeying Kepler's laws. And if they are obeying 
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Ki'plfi'.s linvs, |li,.y imisl iiD.vr iicrunlitiK to nmvilnli.miil |)iills of ciirli 
on llii' otlwr. Il.'ir mimI llwir iislniixmifis I'lMd Irin.s uf .slurs, iinil 
• Iiiait.'ts, iind .-vni liirncr groups. Mfmlicrs of racli frn)ii|) alwiivs move 
iiccoidiii'; lo the univiliilioiiiil rules. 



STAR MASSES 

Kf()l<-r\s third law, n.s inipn.vrd l.y Newton, can l.r iisrd lo (iiid the 
combined mass iil a inoon and planci, or llic combiiii'd ina.ss ol sim and 
earth. Can we find the laasses ol' stars in this same wayy 

No isohited star exerts enou-jh -gravitational loree on any oHier slar lo 
eluuif^e ils velocity noticeably. Bui with a slar-pair, small clunifres in 
posilion may he ohscrved from yeai- lo year. .After many decades these 
small ehan-es can he plotted lo find the track of each Of the stars. In 
evei-y instance the fainter star is fonnd to he movin-; in an elliptic-al 
path around the hri-^liter one. 
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From a plot of the orhit it i.s possible to fijrure the orhital period. Then 
when yon have also learned the average distance between the two, the 
cotid)ined iTUKss of the stars can be calculated by Newton's formula. 

In units of the sun's ma.ss, the combined ma.ss of a pair of stars e(iuals 
the culie of the average distance between the stars, divided by the 
square of the orbital period. 
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Su|)|)(>s(' a slar-|)air lias an (M'l)ilal {h^vUuI of live and an avnaf^c 
s(»|)a!'ali(Mi of (uur aslnaioinit^al uiiils, iMf^iiiv ( l X J X •[) -r (5 X 5). Tlir 
aimwtM' is 2,r>6. So l(im»|la»r holh stars aiv li,r)() liau's as aiassiv(» as 
thr sun. 

[^p Now use Ncwioo's I'oraaila lo W(M'k oiil \\\vsv examples, 

1. A star-pair lias an orMlal jXM'iod of 10 years, Tlic avcra«;c 
s(*|)aralion is 10 a.u. VUu\ \\w coinhiiUMl Miass<\s. 

2. Think of a (lilTcrrnl pair of stars. This pair is also scparalcd hy 
a (hstancc of 10 a.u. Mat {\wsr two stars arc h>nn(l to havr an 
orhital period 01*20 years. Is this pair as nuissiv(» as ihr otlirr 
one? Does the hnv of «;ravitalion »;iv(» yon a t'lueV First, uuike a 
«;ood «;n(\ss ahont the ('otnhinod mass of this pair. Then, fi«;ore 
it out to see if yonr «;ness was a reasonahle one. 

Yon and someone else step on a seale to»;ether and the pointer shows 
183 pounds. Yon know somethin*;, l)ut perhaps not all yon want to 
know. Who is the more massive? How would you find out easily? 




You ean't phu e a star on a seale, hut you know how to lind the eomhined 
mass of a pair of stars. How can we determine the mass of each in- 
dividual star is we know only the eomhined mass of both? 

Rememher in ChapttM* 7 when all the world's peoph* jnuiped off a one- 
mile tower at the same tiuu*. The earth pulled downward on them, and 
they pulled upward on the earth with the siuuv gravitational force. They 
both pulled on eneh other. And so the people were aee(»h»rated down- 
ward and the earth upward. 
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lUw \\\r rny\\\ is \\\u\v unissWr Uy U\v (lian all iIk* in \Uv worhl. 

So il \\\)\\'im\ only a liny dislanci* In \\\rr\ lallinf^ crnwd. 

In lli(» sanu* way, raiih and snn pull nn one aniMhcr wilh llu* sanu* Unvi^. 
\U\{ s\wo \Ur mviU is so nuich loss niassivis il is accohM'alod 
(linos inoro lhan llio sun. 




Tliink of Iwo stars Uiw Uv^ o(|ual iiuissos, inovinji? around ouo ariollior in 
oiroular orhils. Wlio is «;oin«; around wliom? You ktiow llie lorcos are 
o(|nal, l)Ul so, loo, are llio acotderalioiis lliis linu\ On lliis col(\slial 
niciry-«;o-roun(l star affeols llic inolion of iho ollior in llio same 

way. Can you «;u(^ss wliere llie eenler of llie luerry-go^rouiid would lie? 

Make a slarl on lliis puz/le l)y workin*; willi masses sluek lo llie end of 
a wooden rod. 



CENTER OF MASS 

l^pFind die halanee poinl of a one-fool ruler. Where is ilV Find die 
halaiure poinl of a yardsliek. Where is il? 

Now Iry ihc same lhiii«; wilh a slrai«;lil wooden rod. 



n 




NrM, Tin Iwo ciiiial-si/jMl \)\rvvH day lo riwU end u( \\\r ml 
W'Unv is hiiluMCf poimV TIwmi slick i\ small l)il (H'clay al our 
rial and a hij; f^lnh al ihr olhrr, Wlicrr is lla* halancr poiul now? 

In ri\c\\ nrilicsc aclivilics you liavr roiiiid a poiiU whrn^ dir niassrs aro 
ill lialaiicc. W Ikmi is diis halaiu't* laanl midway hclwccn dir |\v(i massrs? 
And wlirn it i( closer lo one ol masses diaii In u\\\vvf 

Now ihink of llm slick and llic «;h>l)s nl' clay as a sin«;lc mass, I low can 
y(Mi lind ihc ccnlcr n( {\w wIm>Ic mass? 

Al each end ol a slick place a lunij) of clay. One iumj) slioiild Uv 
more massive tlian llie oilier. Tie nihhcr hands lo«;ellier lo lorni a 
slrin*; alMUil A feci Ion*;. Allach ihe ruhhcr-hand slrin«; somewhere 
near the center i)!' lli(> stick. Notice what happens w hen the slick 
hant^s IVcely. 




Now hold the slick in position and ask a classmate lo start lwistin«; 
the nihher hands. Have him keep lwislin«; until the ruhher hand 
is nicely wound up. While he holds the ruhhcr-hand strinj^, you let 
«;o of the slick. Watch {\w slick as it picks up speed, (^an you srr 
ihc c(MUer o( mass? 

(]han«;(* the sizes of the clay »^lohs and rept^al this activity several 
liuu»s. Ohscrve what happens. (Ian you find the ccnUM* of mass each 
lime? Is the center of mass always in the same plac(*? What can 
you say ahoul tlu^ (XMiler of mass wh(Mi one of the ohjecls is more 
massive than tlu^ other? 
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Allhuuf^li lh(MV in m m\U\ \\u\\\ry vu\\\\vv\\\\\5, iwo nmiH, vvmy \h\\v of 
crloHliul o\\}rv\H \u\H n vv\\\rv dl' nuiHs. Ah willi your wliirliiif^ mnnhc^H, 
(MMiIrr (if ninss (if iiny hvn slnrn lies ahmf; n slnufj;hl \i\\v UrWsww lh<» 

To (iimI iIh' mass of oarh iiidividnal slar, aslnaiaihcrs auisl find 
ilislancc hchvccn Ihc slars. Then llicy naisl locale llie ccnlcr ol' mass 
of the slar-pair Willi Ihis inrormalioa llicy can (iml Ihc ivlaliv(* masses 
ol the slars — how massive the slar is in iern»s of ihe smaller one. 

ir Iwo stars are e(|ually massiv(% the e(MUer of mass lies halTway he- 
lw(MM» them. 

\ 

M M 

^- + ^ 



II the lar«;er star is twice* as massive as tin* smaller, the center of mass 
li(*s twic(* as close U) tin* hi*; slar as it does to the smalhM-. If the higf^er 
star is 9.414 times as massive as its smaller companiim, the center of 
mass li(\s 9.414 times as close to [\w more massiv(» hodv. 
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RenuMnlxM- that a sintric isolated star mov(\s iti a straight line* at con- 
stant speed (or centnries oti end. Hnt in a star-pair how does ea(d) 
member niovey And what kind of track vdoes the center of mass take? 

y^'l »»P y<>»»r etpnpment again the same way as in the previons 
a(ttivity. Bui this time attach the rnhher hand to the center of mass. 
Wind up the ruhhcr hand a hit, hut not nearly as nuuth as before. 
As soon as th(» mass(^s hegin to rotate, walk slowly and carefully in 
oiw din^ctiou. Watch the path taken hy the individual :r >^s(\s. Arc 
the paths the sam(»? Which mass moves fast(M? 

Now do it again, this time keeping yom* eye on the center of mass. 
How is it moving? 
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In ii Hliu'-piiir il ih ihr vv\\\vv wi wum iluil \m\vty in n hiniif^lil liiip nl 
rniihlnnl h|mmm|, N un ciiiri hvv \\w nf m{\hH; ynii vww only pinl iIk* 




motion of varU star of [\\v pair lor many ytuns at|;ainst (he hack^round of 
faint and distant stars. Yon know that llic center of mass imist always lie 




on a line joinin*; the tw(» stars. And yon know the center of mass nuist 
move straight at a (ixed rate. Yon nse these cines lo (ind out how massive 
iUc hit; stai* is in teiius of the smaller one. 




Sirius (SEEE^-eons) is the hrighlest star in the sky. in the 1840's Sirius 
was ohserved lo follow a wavy motion against the liackgronnd of distant 
stars. Astronomers suspected that an undiscovered (tompanion stai* was 
affe(!ling the path of Sirius. Yet almost twenty years passed fiefore the 
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loimil hi nil iiihilnl prrimi of liriy yonr^ iuul iiii avrninr ili^^hmci^ 
ii|iiu'l nf hvrniy H^inMHuiiiiwil iinihi, WImi ih llir riinihiiKMl iiuinh iiI iIip 

Tlir lirii^lil hinr, Siriiis, lirn mImmiI hvi<M' dose lo ihr ciMih'nil iiuihh 
ilo(»h llu^ frrhlc iM)ii)|)iiiiioii, W Iml dim ynii rHliniuir jilioul llu^ \mm nl 
iNirh nf llip \\\{) Mnysf 

AHlronniiHM'H liiivc IimiiikmI \hv nwisHrh of smvohiI IiiiimIiviI siarn, TIm^v 
liiiv(» loiitid (linl nvrrjiffp mass of ilir slurs is (<loHr In (mio^IimII' iIuiI nl' 
llir sun. A Irw sUirs iiiv Irn nr iiinic Iiiik^h us innMsiNt' mh iIio huh, Uni 
nin.si slars am less iiiassivt' lliaii uiirh and soiin' liiiN* (uirs liavn masses 
l(*ss Ihnn niir-lcnili nl' sniTs, Tln' si:;rs nf slars dilTcr ^ivally Inan unr 
aiinllirr, aial lla* Inminositirs nl' slars MIW ninriimuslv. itm liir laassns 
(lon'l (iilTcr nearly sn inneh. 

In lor the lirsl time, a planet was th^leeh^d (ailside tlx* solar 

system. Mnrimrtrs Star, lln» seenml nearest star knnwn, is a laiiil dot in 
the eonstellalinn nf ( )phi»iehns (nh-lee-VOU-enss), Its mnlion a^^ainsl |he 
slellar haekj^rnitnd is not (piile a slraif^hl line, lull lra<Mvs, instead, a vei) 
sli«;hl wave motion. One wave is enmpleled every 2;") years. The mnlion 
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imist he ('ansed hy an invisible eompanion. It is possihie \k\ ealeiilatt* 
IVom the motion of Barnard's Star tliat tlie companion, altlioagli never 
seen, has a mass only a hit more than Jupiter's. Since tlie companion is 
many times less massive tlian any known himinous slar, it seems 
reasomihle to believe that tlie invisible companion is a planet. 
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THE HOMg QALAXY 



Ouv Milky Wny ^\\\m \^ w hn^^^ ^HllifMiiiH wi^Um mmml in 

^nm^ i\\)\)\m\\\muA\ 'M) l)illion dwnll in w vhM w^m n! ^\)m^ 
fthnpinl fc^oin^^lhinH likr^ a juun^nkf^, Onr phiny lum u HininHtM nl ahunl 
100,000 llj^hl'y^MMi^i lUMwmMi llir^ ^Um ^\u\vv \n m\ ul)t*oluh^ly funplv. 
IViiuiptt oM^Muunlmllh nl' all \\w wum of ^\\\m i^ in inltMsU^llor 
^ijiMtMS nliltilly in iIh' fnnn nl' sinph^ iUnin^ nf hyilroynn Unl lunnly nil 
\\\c retii or tho nuilUir in »nn' Hnlnny i^i in \\w Mnri^t PhnuM^^ *nMMnn|mnyinji[ 
HUnM niinhl muHunil for n vt^ry Hnnill pnrl of \\w \mm^ Iml nt^liononuMs 
know vtny lilll^i ubonl plnm?lui7 ftyslems beyond onr owoi 




The Great Qaiaxy In Andromeda Is similar to our own galaxy. 

The two are about equal in size 

and both have large spiral disks that bulge in the center. 



In our pari of the galaxy a star's nearest neighbor is about four l?g»il- 
years away. In the central part, the stars are more neighborly — about 
one or two light-years apart. But there is still plenty of room, so there is 
veiy little chance of stars colliding with one another even in the center 
of the galaxy. 
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Kacli star in our «j;alaxy is movinjj; in orhil alonjj; a palli llial is deltM- 
iniiu'd Ijy [\w iwi jj;ravilali()iial inirv exerted on il hy all llie oilier stars 
in ihe entire ^alax>. For example, ihink ol Onr slur— llie sun. Alpha 
Cenlauri (AL-la seii-TOHK-ee), Harnanrs Star, Sirius, and oilier nearhy 
slars (»xerl llie gn^ilesl individual pulls on llie sun. lieeansc of llieir 
elos(Miess iheir «ira\ ilalional pulls are iiuk Ii slron^itM' llian llioseol'dis- 
lanl slars. So il niinlu socm llial lli(\se nead)y slars eoiilrol llie sun's 
^alaelie orhil. 



Sirius 





Sun 



Alpha 
Centauri 



Barnard's 
* Star 



IJiil lliere are Ivvo ^iood n^asons why lliis is nol so. In ihe diaj>;rain ahove, 
see how llie ^iravilalional pulls ol nt^arhy slars lend loljalanee each olher. 




The ( liiel reason dial llie ru'arhy slars don'l rule our f^alaelie niolion is 
thai die hillions of slars near the huh ol die galaxy are all puliinj^ lo- 
fj^elher on us — pulling in ahoul die same direelion. The tw^l t;ravilalional 
loree arising from die slars (ar away in die eenlral pari ol die j^alaxy is 
ahonl a ihonsand limes as jiieal as dial aiisin^z; Irom die pull of nearhy 
Alpha (ienlauri. 
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Tlie sun aud solar system ri'spoiid to this {i^reater force l)y moving; in a 
hiifj^e orhit around the center of tlie galaxy at a speed of ahout ISO 
nii/sec. Kven at such a rapid speed, it takes us alxuit 220 iiiillion years 
to comphMe one circuit around the center of tlie gahixy. 

Turn off jziavitalion throujihout the tj:ahixy and watch what happens. 
Keep watchiiiji for a hnn(h-ed million \ears. All the stars and atoms in 
the i2;alaxy move out in straijihl lines into inter-galactic space. The 
galaxy is Hying apart. 




Now start over again with the galaxy as it is today, Lcaxc gi'a\ italion 
on (liis tim(\ but stop all of the stars in their galactic orbits so that each 
one sees all th(^ others at rest. What ha|)pens then? See if yon can tell. 
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But with gravitation turned on and with the stars having the orbital 
motions they were born with, the galaxy neither shrinks nor swells; it 
neither flies apart nor collapses in a central heap. Our spinning galaxy 
will keep going for a long time. Even after the light from all the stars 
fades out, the stars will still retain almost all of their matter. The 
gravitational attraction of these dark masses on one another will con- 
tinue on and on. 



FAR OUT AMONG THE GALAXIES 



The galaxies are the largest known star systems in the universe. A 
typical galaxy is a system of billions of stars. And every single star in a 
galaxy moves in a huge orbit around the galactic center, obeying the 
combined gravitation pull of all the other stars in its home galaxy. 

In some galaxies the stars are arranged in great spherical regions. 
Other galaxies, like our own Milky Way system, are shaped more like 
pancakes or fried eggs; most of the stars are confined to a thin disk and 
move in roughly circular orbits around the central zone. 

Many galaxies are isolated in space. But here and there one finds pairs, 
or triplets, or even larger groups called clusters of galaxies. 




Galaxies contain billions of 

stars. Each star in 

these distant galaxies reacts to 

gravitational forces 

in its home galaxy In the same 

way the sun obeys the 

gravitational pulls in our galaxy 
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Our own home galaxy has two rehitively ch)se neighhois — the Lar^e 
Cloud of MugeMan and the Small Cloud of Magellan, both easily seen 
Ironi the southern hemisphere. These galaxies are ahont 150,000 light- 
years from here and al)out 50,000 light-years from one another. Be- 
cause galaxi(*s also exert gravitational pidl on each other, the two 
Clouds ot Magellan may orhil aroimd each other. And at the same time 
they may go around or through our own Milky Way galaxy. Astronomers 
tlo not yet know just how the three of us are moving in relation to one 



Our galaxy also belongs to a bigger group with seventeen known meni- 
l)ers, called the Local Group. Ours is a galaxy of the spiral type, and we 
rank second in size in our Local Group. Largest is the Great Spiral in 
Andromeda (an-DROM-uh-duh), barely visible to the unaided eye on a 
clear dark evening in autunni or winter. It is about two million light- 
years away. All the mend)ers o( Our Local Group infhuMice each others 
motions, but it is yet certain just how. The major effect on our galaxy's 
motion nmst arise from the pull of our massive spiral neighbor in 
Atlromeda. 

Huge clusters of galaxies, with hundreds of nuMubers in each one, are 
found here and there in distant space. Astronomers have been able to 
learn that the galaxies in those great clusters are moving around with 
speeds up to 1000 mi/sec or more. 

These high speeds mean one of two things. Perhaps the galaxies of such 
a cluster are Hying apart. Or perliaps tlie members arc staying togetfier 
but are wandering around among one another in response to the very 
strong gravitational pulls of tlie galaxies on eacdi otluM*. There may be 
some truth in both suggestions. Bui whatever the answers may be, it 
seems certain that galaxies in tliese great clusters nuist collide and 
pass through each other occasionally. 



another. 
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Tlie universe, on its grandest scale, is expandini^. In this l)i<;<;esl pieliire 
ol all we ean inuigine the f^alaxies and clusters ofj^alaxles heeonie just 
points on an expanding Walloon. The points are all moving away from 
one another as the halloorj Irjllales, What eouhl he the role of gravitatlorj 
in this universe of fleeing galaxies? As witli many things at the hori/on 
of today's knowledge, this pu/./.le isn't yet solved. 

Think about the riddle in two different ways. First, our galaxy, or anv 
other galaxy, should somehow he ahle to exert a backward pull on 
distant galaxies. That hack pull would slow them down, like a hall ab 
most up at the top of its flight. 

Second, think ahoul one of those galaxies far, far out iii space, bike our 
own galaxy, it feels pulls in all directions. It, too, is surrounded by other 
galaxies in all directions. And so there should be a tug-of'-war in which 
Clothing much happens. The galaxy iiuiy feel no ru*t gravitational force on 
it, like a person at the cerjter of the earth, booked at in this wav, the 
galaxy is not accelerated and so it jnsl keeps going \\\ a straight liru* at 
constant speed. 

Wc are still not at all certain how gravitation affects the whole universe 
as the billions of years go by, Mut for all sorts of smaller objects you 
have seen how gravitation is a major ruling force in this um'verse of 
matter and mass — for galaxies in a cluster, for the ylars in a galaxy, 
for a plaru't near a star, for our own moon, and for l\u apple that fell to 
the ground in an Knglish orchard over three lunulred years ago. 
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